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INTRODUCTION 


In previous papers, experimental stud- 
ies of the effectiveness of mimicry in two 
groups of North American butterflies 
have been described (Brower, 1958a & b). 
The present paper is an investigation of 
presumed mimicry in Danaus gilippus 
berenice (Cramer), model, and Limenitis 
archippus floridensis (Strecker), mimic, 
sometimes called the Queen and the 
Florida Viceroy, respectively. The mi- 
metic relationship between these two but- 
terflies first was noted by Scudder 
(1870), but D. g. berenice and L. a. flori- 
densis have received less attention in the 
literature than their close relatives the 
model and mimic, Danaus plexippus 
(Linné), the Monarch, and Limenitis 
archippus archippus (Cramer), the Vice- 
roy. Poulton (1909) has stated that 
there is no reason to suppose that the 
palatability of D. g. berenice to predators 
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differs from that of D. plexippus. There 
is likewise no reason to suppose that the 
even more closely related pair, L. a. flori- 
densis and L. a. archippus, would differ 
in this respect. 

Experiments were continued to test 
the effectiveness of mimicry in D. g. bere- 
nice and L. a. floridensis at the Archbold 
Biological Station near Lake Placid, Flor- 
ida, in the spring of 1956. Eight Florida 
Scrub Jays, Cyanocitta coerulescens coeru- 
lescens (Bosc), were used as caged preda- 
tors in these experiments. One of these 
birds, E-4A, was a replacement for E-4, 
which had been removed from the experi- 
ments after the first series ,was com- 
pleted; the other seven birds were the 
same individuals used in the first and 
second series of experiments (Brower, 
1958a & b). E-4A was given preliminary 
feeding tests with various orders of in- 
sects, with non-mimetic butterflies, i.e., 
butterflies not involved in mimicry as 
models or mimics (Brower, in press, a), 
and with Battus philenor (Linné) and its 
mimic Papilio troitlus Linné of the second 
experimental series (Brower, 1958b). 
Therefore E-4A was accustomed to the 
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procedure by the time this third series 
was begun. 


(GEOGRAPHIC DISTRIBUTION AND SOURCES 
OF BUTTERFLIES 


The model, D. g. berenice, is known to 
occur in the southeastern United States 
and Cuba. The presumed mimic, L. a. 
floridensis, is the resident race of southern 
Florida; its northern limits are not yet 
well known. The specimens of L. a. 
floridensts in the vicinity of the Archbold 
Biological Station resemble the model in 
ground color (deep brown) on the upper 
surface of the wings ; however, the under- 
side of the wings is deep brown tinged 
with orange, and although this color re- 


sembles that of the model, it also bears a 


general likeness to that of the Viceroy, 
and also of the Monarch. It should be 
remembered that in all of the experiments 
the butterflies were placed in the bird 
cages on their sides with their wings 
folded dorsally, so that only mimicry on 
the under surface of the wings was being 
tested (Brower, 1958a). 

The D. g. berenice used in these experi- 
ments were obtained as adults by local 
field collecting in the vicinity of the 
Station, or by rearing the adults from eggs 
laid by females in outdoor cages. Be- 
cause L. a. floridensis was rare near Lake 
Placid in the spring of 1956, almost all 
of the adults were reared from eggs laid 
by females in outdoor cages. 

Non-mimetic butterflies, which were 
used as edible control butterflies, were 
obtained as adults by local field collecting. 
In the present experiments the following 
palatable, non-mimetic butterflies were 
used: Papilio glaucus Linné (yellow fe- 
male and male) and P. palamedes 
(Drury). In addition, after about six 
days of trials in the present series, P. 
troilus, the palatable mimic of Part II, 
was used in a few trials for the experi- 
mental birds in the usual position of a 
non-mimetic butterfly. The results of 
these trials were considered in detail in 
the preceding paper. Three of the ex- 
perimental birds consistently ate every 
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P. trotlus of the nine offered to each bird. 
The fourth bird, E-3, ate three out of 
five P. troilus offered to it. It was noted 
in the first paper that experimentation 
was temporarily stopped on each of four 
occasions when a bird was reluctant to 
eat the non-mimetic butterfly in any given 
trial (Brower, 1958a). The refusals of 
these two P. troitlus by E-3 are two of the 
occasions mentioned. In these instances, 
E-3 was offered a P. palamedes, which it 
ate, when it refused each of the two P. 
troilus. Therefore the diagram for E-3 
records that every non-mimetic butterfly 
was eaten. 


PROCEDURE 


These experiments were conducted with 
the same methods and under the same 
conditions described in the first paper 
(Brower, 1958a). However, in the pres- 
ent series the roles of the control birds 
and the experimental birds were reversed ; 
for the first time in these studies of mimi- 
cry, the former control birds were given 
models, and non-mimetic butterflies ran- 
domly in pairs and so now were being 
used as experimental birds. After from 
33 to 40 trials with models, mimics were 
given to the new experimental birds in 
place of the models. Conversely, the 
former experimental birds, now used as 
controls, were given only mimics and 
non-mimetic butterflies randomly in pairs 
throughout these experiments. The pur- 
pose of transposing the control birds and 
the experimental birds was to see how the 
former control birds would react to initial 
trials with models, followed by trials with 
mimics, and how the former experimental 
birds would react to trials in which they 
were offered only mimics. 

The results of this series of experiments 
showed unexpected changes in the reac- 
tion to the butterflies by the two sets of 
birds and suggest the importance of the 
relative numbers of models and mimics 
experienced by a bird in bringing about 
effective mimicry. Furthermore, the data 
offer some evidence that the birds had 
generalized from their past laboratory 
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EXPERIMENTAL STUDIES OF MIMICRY 


experience with the Monarch and the 
Viceroy. 


RESULTS 


The basic data for the experiments with 
D. g. berenice and L. a. floridensis are 
shown on diagrams E-1, E-2, E-3, and 
E4A for the control birds and C-1, C-2, 
C-3, and C-4 for the experimental birds 
(fig. 1, A& B, fig. 2, A&B). In spite 
of the change in roles of the two sets of 
birds, each bird has retained the designa- 
tion given it in the two earlier experiments 
(Brower, 1958 a & b). As before, the 
non-mimetic butterflies (white circle) 
used in couplet with each model or mimic, 
were eaten in every trial by all eight birds. 

The control birds: The diagrams for the 
three control birds, E-1, E-2, and E-3 
(figs. 1, A & 1, B), show the birds’ un- 
expected reaction to the mimic, L. a. 
floridensis (white triangle). It can be 
seen that in the first eleven trials E-1 did 
not even touch L. a. floridensis, rejecting 
it on sight alone. Thereafter a total of 
seven L. a. floridensis were “pecked” (P), 
“killed” (K), or “eaten” (E) by E-1. 
At trial 38, L. a. floridensts was killed by 
E-1, and at 39, one was eaten. At trial 
40, the L. a. floridensis was only pecked 
by E-1, which suggests either (1) that 
L. a. floridensis is inherently less palat- 
able than the non-mimetic butterflies, 
which were consistently eaten; or (2) 
that E-1 was still associating L. a. flori- 
densis with its former experience with 
the unpalatable Monarch. 

Because the L. a. floridensis were un- 
expectedly rejected on sight alone, by E-1 
and also by E-2 and E-3, two models, 
D. g. berenice (black circle), were also 
given to each of these birds to see if these 
too would be refused on sight alone. 
When two D. g. berenice were given to 
E-1 at trials 31 and 32, the first was killed 
and the second pecked. 

In the diagram for E-2, the reaction to 
L. a. floridensis was similar to that shown 
by E-1. E-2 did not even touch the first 


eleven L. a. floridensis, but killed the one 
in trial 12. 


During the remainder of the 


277 


experiment, E-2 pecked only three more- 
L. a. floridensis. This bird also rejected 
two D. g. berenice on sight alone, at trials 
31 and 32. D. g. berenice thus was not 
treated as something different from L. a. 
floridensis in these trials. 

Moreover, E-3 either did not touch or 
pecked L. a. floridensis in all of the 
trials, as the diagram shows. At trial 3, 
L. a. floridensis was pecked by E-3. At 
trial 5, a D. g. berenice was inadvertently 
given to E-3. However, the bird did not 
even touch the model, and thus apparently 
did not discriminate it from L. a. floriden- 
sis. Again at trials 31 and 32, D. g. 
berenice were not touched by E-3. At 
trials 33 and 34, two L. a. floridensis 
were pecked by E-3, but the final six 
L. a. floridensis given to E-3 were not 
touched. 

The diagram for E-4A shows quite a 
different pattern of reaction to L. a. flori- 
densis than those patterns just described 
for E-1, E-2, and E-3. It can be seen 
that E-4A killed its first L. a. floridensis, 
and that in the thirty-four subsequent 
trials, E-4A ate this butterfly. In fact, 
the reaction to L. a. floridensis by E-4A 
is similar to the reaction to L. a. archippus 
by the former control bird, C-2, in the 
first series of experiments (Brower, 
1958a). A possible explanation of the 
difference in reaction to L. a. floridensts 
by E-1, E-2, and E-3 on the one hand, 
and E-4A on the other, lies in the fact 
that of the four birds, only E-4A never 
had laboratory experience with D. plexip- 
pus, the Monarch, and L. a. archippus, 
the Viceroy, of Part I. The implications 
of this situation will be considered in the 
discussion. 

The experimental birds: The reaction 
to the model, D. g. berenice, and to the 
mimic, L. a. floridensis, by the four ex- 
perimental birds appears on diagrams 
C-1, C-2, C-3, and C-4 (fig. 2, A & fig. 
2, B). All of the diagrams show fluctu- 
ating patterns of response, which indi- 
cate that the birds did not consistently re- 
ject the model on sight alone. Because 
of this unexpected reaction to D. g. bere- 
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nice (black circle), five trials with the 
model, D. plexippus (black triangle), were 
included for each experimental bird to 
indicate, if possible, whether this butter- 
fly is more or less palatable than D. g. 
berenice to these birds. 

It can be seen that C-1 ate D. g. berenice 
in trials 1 and 2, and later in 11. C-l 
also pecked or killed D. g. berenice; the 
number of successive trials in which D. g. 
berenice was not touched did not exceed 
four. This tendency of C-1, and of C-2, 
C-3, and C-4, to peck, kill, or eat the 
model made the timing of the substitution 
of the mimic for the model particularly 
difficult (Brower, 1958a). As the dia- 
gram shows, C-1 did eat two and kill 
three L. a. floridensis, as might have been 
expected in view of the reaction to D. g. 
berenice, even though the L. a. floridensis 
were given just after a D. g. berenice was 
not touched by the bird. When the five 
D. plexippus were given to C-1 (see fig. 
2, A, diagram C-1), they were pecked or 
killed, but not eaten, which indicates at 
least that D. plexippus is not more palat- 
able than D. g. berenice to this bird. 

The diagram for C-2 shows that this 
bird ate the first three D. g. berenice of- 
fered to it. After these three trials, D. g. 
berenice was pecked, killed, or not 
touched, but never again eaten by C-2. 
The greatest number of D. g. berenice not 
touched in successive trials was five. The 
substitions of L. a. floridensis for the 
model in each case followed a trial in 
which D. g. berenice was not touched. 
Nevertheless, three L. a. floridensis were 
killed, two others were eaten, and only 
one was not touched, apparently because 
the bird was confused and mistook it for 
the model. When D. plexippus was given 
to C-2, it was killed or pecked, but never 
eaten (see fig. 2, A, diagram C-2). 

Response similar to that shown by C-1 
and C-2 can be seen on the diagram for 
C-3. Here again, the bird at first ate, 
then killed, pecked, or did not touch D. g. 
berenice in a fluctuating pattern of trials. 
The greatest number of trials in which 
D. g. berenice was not touched was one 
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series of four. After two of these four 
trials with C-3, the first L. a. floridensis 
was given to the bird. This butterfly 
(trial 40) also was not touched: C-3 did 
not discriminate the mimic from the 
model. The five D. plexippus given to 
C-3 were killed, pecked, or finally (trial 
65) not touched. The L. a. floridensis 
given to C-3, after the initial one at trial 
40, were: pecked (trial 55), killed (trial 
57), or eaten (trials 60 and 62). This 
series suggests either (1) that C-3 was 
gradually discriminating L. a. floridensts 
from D. g. berenice and found it palatable, 
or (2) that C-3 was testing each butterfly 
by trial-and-error, and at most only 
pecked the unacceptable D. g. berenice, 
but pecked, then killed, and finally ate 
the more palatable L. a. floridensis. This 
apparent palatability is interesting in view 
of the fact that C-3 found L. a. archippus 
(Viceroy) relatively unpalatable with the 
exception of the last trial of Part I 
(Brower, 1958a). Perhaps this bird had 
learned that Limenitts are relatively palat- 
able during its earlier experience with 
L. a. archippus, or maybe L. a. floridensts 
was palatable in these two trials only in 
relation to the unpalatable model. 

In the case of C-4, the diagram shows 
that there were ten initial trials in which 


TABLE I. Reactions of the experimental and 
control birds to L. a. floridensis 


A. Comparison of no. ‘not touched” vs. no. 
““pecked—killed—eaten”’ 


Experimental birds Control birds 


C4 1C31C31C4 1 C8 1821 2s | E-4A 





NT 0] 1 1 O | 31 | 34 | 34] O 


P-K-E | 5 5 4 Ss) 7| 4] 3| 3s 


‘ 


B. Comparison of no. ‘‘not touched—pecked— 
killed”’ vs. no. “‘eaten’”’ 





Experimental birds | Control birds 





C-1 | C-2 | C-3 | C-4 | E-1 | E-2 | E-3 | E-4A 
NT-P-K| 3 | 4 | 3 | 0 | 37 | 38 | 37 | 1 
2/2/21/51)]1{o0{ of 34 
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TABLE II. Reaction times of jays in seizing butterflies (in seconds to the nearest whole second) 








D. g. berenice 


| 
| 


L. a. floridensis 


| ; neo ' 
Non-mimetic butterflies 





| , 
‘rds r 
Birds | No. | 




















oe | ™ | | | No. | | | No. 

—_ Min. be nmeng No. | NT nnd Min. | Max. | No. | NT roy Min. | Max.| No. | NT 

| seize | time | time | seize | i econ time | seize | i ae i seize | i 
seize | ime | ime e1ze | 120” seize | ime | ime eize | 120” | seize | ime time e1ze | 120” 

C1 | 41} 1 | 72 | 28 | 25 3| 3 | 3} 5| 0] 2] 1 | 14] 63 | 0 
C-2 713 || eizx fae Ta 1| 4 1 | 12 | 63 | 0 
C-3 7/| 1 | 74 | 30 | 24} 14] 1 | 49} 4] 1] 1 1 3 | 65 | 0 
C-4 17 | 2 | 8 | 38 | 17} 6] 2] 19] 5 0 | 3 1 8 | 65 | 0 
E-1 ey eS ee 9| 7/31/24 1 7| 40 | 0 
E-2 -}—{—|—}]—] 12} 7] 19] 4 | 34] 1 1 2| 40) 0 
E-3 —j_ sp | a Pa | Oe] S | 4s 3 | 34 | 3 1 4 | 40 | 0 
E-4A we ee fie Pmt oe | See F St we 0| 2 1 8 | 40 | 0 








C-4 killed but would not eat D. g. bere- 
nice, followed by a fluctuating pattern of 
trials in which the model was _ pecked, 
killed, or not touched, but never eaten. 
Without exception, C-4 apparently dis- 
criminated L. a floridensis from D. g. 
berenice and ate the mimic. This dis- 
crimination could have been on the basis 
of sight alone, but it could also have been 
on the basis of tasting by trial-and-error 
because C-4 tested almost every butterfly, 
and then rejected the two Danaus species, 
but ate all of the L. a. floridensis offered. 


STATISTICAL ANALYSIS OF THE DATA 


Table I shows a comparison of the 
reaction to the mimic, L. a. floridensts, 
for the categories “not touched” (NT) 
and “pecked—killed—eaten” (P-K-E) for 
all the experimental birds and for E-1, 
E-2, and E-3 of the control birds. The 
data for E-4A are considered separately 
because this bird was new and _ lacked 
comparable experience with the Monarch 
and the Viceroy of series I (Brower, 
1958a). On the hypothesis that the seven 
birds reacted to L. a. floridensis in the 
same way for the categories “NT” and 
“P-K-E,” chi-squared test gave a value 
of 46.17, d.f.= 6. Given this hypothesis, 
the probability of these results, or worse 
ones, is less than .001. This hypothesis 
is the same one which was applied to the 
experiments of Parts I and II (Brower, 





1958a & b). However, the significant 
difference in response here, unlike that 
in the earlier series, lies in the fact that 
the control birds (E-1, E-2, and E-3) 
unexpectedly did not even touch most of 
the L. a. floridensis given. On the other 
hand, the experimental birds (C-1, C-2, 
C-3, and C-4), in spite of experience with 
the model, still apparently discriminated 
significant numbers of the mimic from 
the model (see table I, A). Therefore 
the two sets of birds in general reacted 
to the present experiments as though their 
respective roles had not been transposed. 

A comparison of the categories “NT- 
P-K” and “E” on the same hypothesis 
gave similar results (chi-squared = 60.91, 
d.f. = 6, P less than .001). The signifi- 
cant difference in this case is that the ex- 
perimental birds ate the mimics in more 
than half of the trials, whereas among 
the three control birds (E-1, E-2, and 
E-3) only one mimic was eaten (table 
I, B). 

A tabulation was made of the mean re- 
action times of all the birds in seizing the 
various butterflies. Table II shows the 
mean-time seize, minimum- and maximum- 
times seize, number seized, and number 
not touched for D. g. berenice, L. a. flori- 
densis, and for the non-mimetic butter- 
flies (P. glaucus and P. palamedes) of 
the present series. It can be seen that 


three of the four experimental birds (C-1, 
































280 


C-2, and C-4) took less time on the av- 
erage to seize L. a. floridensis than to 
seize D. g. berenice, which suggests that 
the birds recognized the mimic as more 
palatable than the model. The same three 
birds took about the same mean time to 
seize the mimic as they took to seize the 
palatable, non-mimetic butterflies (table 
IT). 

However, the control birds (E-1, E-2, 
and E-3) took more time to seize the 
mimic L. a. floridensis than to seize the 
non-mimetic butterflies, which bears out 
the general tendency on the part of these 
birds to treat this mimic as though it 
were a model. E-4A again stands in 
contrast to the other three control birds; 
this bird showed about the same mean- 
time seize for the mimic, L. a. floridensis, 
that it showed for the palatable, non- 
mimetic butterflies. Therefore the con- 
trol birds give further support to the con- 
tention that the mean-time seize of a 
bird for a mimic can be correlated with 
a bird’s past laboratory experience, or 
lack of experience, with the model. Al- 
though the control birds (E-1, E-2, and 
E-3) had had no experience with D. g. 
berenice, the model of L. a. floridensis, 
it was thought that perhaps their earlier 
experience with D. plexippus (Monarch) 
in Part I may have had some effect on 
the present series. This will be con- 
sidered in the discussion. 


BEHAVIOR 


Characteristic behavior of the former 
experimental birds to unpalatable models 
and their mimics has been noted previ- 
ously (Brower, 1958a & b). This con- 
sisted of a bird ruffling its feathers, and 
then shaking its body, when one of these 
butterflies was placed in its cage. In view 
of the rejection of the mimic, L. a. flori- 
densis, on sight alone by E-1, E-2, and 
E-3, it could be predicted, on the basis of 
the two previous series, that these birds 
would also show a feather-ruffling reac- 
tion toward this mimic. Indeed, this 
was the case. E-1 gave the reaction to 
L. a. floridensis in 19 out of 38 trials 
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(50% ) ; E-2 in 15 out of 38 trials (39% ) ; 
and E-3 in 10 out of 37 trials (27%). 
The percentages of these reactions to the 
mimic, L. a. floridensis, are less than those 
given by the birds for L. a. archippus 
(Viceroy) (Brower, 1958a), but never- 
theless the reactions show some correla- 
tion with the present rejection of L. a. 
floridensis by these birds. It should be 
emphasized that the feather-ruffling reac- 
tion of these three birds toward L. a. 
floridensis was given about eighteen days 
after the Monarch and Viceroy experi- 
ments had ended, and during this interval 
the Battus philenor experiments (Part IT) 
were conducted; the birds had one inter- 
mittent experience with D. plexippus 
(Monarch) and L. a. archippus (Vice- 
roy) four days before the present trials 
began (see memory test, Brower, 1958a). 
D. g. berenice had never been given to 
these birds before the present tests. 

E-4A, the bird which was new in the 
present experiments and had had no lab- 
oratory experience with D. plexippus or 
D. g. berenice, gave the feather-ruffling 
reaction to its first L. a floridensis, which 
it killed. Thereafter, E-4A ate all the 
L. a. floridensis given, and never again 
showed the reaction. 

In these experiments the experimental 


birds (C-1, C-2, C-3, and C-4) showed 


_ higher proportions of the feather-ruffling 


reaction toward the models than they did 
toward the partially palatable L. a. archip- 
pus (Viceroy), with the exception of 
C-3 (Brower, 1958 a). C-l gave this 
reaction for D. g. berenice in 9 out of 53 
trials (17%); C-2 in 3 out of 52 trials 
(6% ) ; C-3 in 25 out of 55 trials (45%) ; 
and C-4 in 12 out of 55 trials (22%). 
C-3 was the only experimental bird that 
gave the reaction toward the mimic, L. a. 
floridensis, in 1 out of 5 trials (20%). 
Two experimental birds, C-3 and C-4, 
gave the reaction for D. plexippus in the 
following proportions: C-3 in 3 out of 5 
trials (60%); C-4 in 1 out of 5 trials 
(20%). These reactions can be corre- 
lated with the treatment of D. plexippus 
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Butterflies used in Experimental Studies of Mimicry, Parts I, II, and III (Brower, 
1958 a, 1958 b, and present publication). Top row across: non-mimetic, edible butterflies. 
Second row across: models. Third row across: mimics below respective models. Fourth 
row across: two additional mimics of B. philenor. All butterflies shown are females. 
(This plate was furnished by the author at her own expense. ) 
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by these birds, and suggest that it is more 
unpalatable than L. a. floridensis. 


DISCUSSION 


The results of these experiments with 
D. g. berenice and its mimic, L. a. flori- 
densis, show an unexpected reaction of 
the birds toward the butterflies. The con- 
trol birds, excepting E-4A, rejected the 
mimic on sight alone without any labora- 
tory experience with its specific model; 
the experimental birds failed to learn to 
reject the model, and later its mimic, on 
sight alone. These two findings bear 
on the maintenance of effective mimicry, 
and on a possible origin of mimicry. 

The experimental birds: The wunex- 
pected failure of the experimental birds 
(C-1, C-2, C-3, and C-4) to reject suc- 
cessive D. g. berenice on sight alone 
seems to be related to the fact that hereto- 
fore these birds had received only butter- 
flies which they found relatively palatable. 
They were accustomed to eating butter- 
flies indiscriminantly, and the fact that 
they found D. g. berenice unacceptable 
did not overcome their tendency to seize 
butterflies as potential food items. <A 
similar circumstance is_ reported by 
Mostler (1935). While working with 
passerine birds as predators in experi- 
ments to test wasp mimicry, he found 
that if mimics were given to the birds 
before they were given models, then the 
models were attacked more often than if 
the reverse were true. He said that the 
models were mistaken for the edible 
mimics. The fact that in the present ex- 
periments with butterfly mimicry three 
of the four experimental birds (C-1, C-2, 
and C-3) ate the first models given to 
them, after having had only mimics be- 
fore, suggests that the birds were as- 
sociating the model, D. g. berenice, with 
the relatively palatable mimic, L. a. ar- 
chippus of the first series (Brower, 
1958a), or that, even more generally, they 
were treating all butterflies as edible. 

These data for the experimental birds 
suggest, experimentally at least, that 
where a mimic is relatively edible, the 
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numbers of models must exceed those of 
the mimics not only in one case of mim- 
icry, but also in most or perhaps all the 
mimicry complexes to which a bird is 
exposed. If a bird uses butterflies as a 
main source of food, as these caged birds 
did, the over-all proportion of mimics to 
models appears to be important to the 
effective operation of mimicry. The 
proportions of various models and mimics 
necessary for the maintenance of effective 
mimicry in butterflies have not been de- 
termined experimentally as yet. 

The control birds: In contrast to the 
reaction of the experimental birds to the 
model, the control birds (E-1, E-2, and 
E-3) from the start did not even touch 
a surprising number of the mimic, L. a. 
floridensis. Two alternative suggestions 
may be offered to explain the unexpected 
behavior of these birds. First, they may 
have had experience in the wild with D. g. 
berenice prior to capture. If this were 
so, then the birds’ rejection of L. a. 
floridensis on sight alone could be re- 
lated to the fact that they had learned 
that its model is unpalatable, and associ- 
ated the color pattern of the model with 
that of the mimic in the laboratory. In 
this case the effectiveness of mimicry 
would have been demonstrated. Of the 
three birds, only E-1 contradicted this 
suggestion by killing the first D. g. bere- 
nice offered, thus treating it as something 
different from L. a. floridensis. An al- 
ternative suggestion is that the three con- 
trol birds were discriminating against 
L. a. floridensts by generalizing from their 
previous experience with the similar color 
pattern and associated unpalatability of 
D. plexippus (Monarch) and its mimic, 
L. a. archippus (Viceroy) (Brower, 
1958a), see plate. 

This phenomenon of generalization of 
a color and/or pattern by birds has been 
noted by several authors. A test of gen- 
eralization of color and pattern by birds 
was carried out by Morgan (1896). He 
fed young chicks meal moistened with 
quinine solution and placed on an orange 
and black striped glass. The chicks soon 
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learned to avoid the bitter meal, and then 
would not touch plain meal if it were of- 
fered on the banded glass. These birds, 
except in two instances, refused to touch 
striped Cinnabar caterpillars (larvae of 
an <Arctiid moth, Hypocrita jacobaeae 
Linne) which were new to their experi- 
ence. They did not, like other birds 
which got no quinine, have to learn by 
particular trials that these caterpillars 
are unpleasant. Morgan also found that 
young birds which had learned to avoid 
Cinnabar caterpillars also left banded 
wasps untouched. 

Further work along these lines was 
done by Muhlmann (1934), who re- 
ported on the recognition of similar color 
and pattern by birds. Using passerine 
birds as predators in feeding experiments, 
he dyed mealworms red and fed them to 
the birds. Red per se was not a warning 
color to the birds; they ate the meal- 
worms. He then treated red mealworms 
with tartar emetic to make artificial 
“models.” After the birds learned to re- 
fuse these “models,” he gave them nor- 
mally colored, untreated mealworms at 
first, and then gradually dyed them more 
and more red to approach the “model.” 
He then checked the point at which the 
“mimic” was so close to the ““model” as to 
be protected from predation by the birds. 
He showed that the “mimic” must be very 
similar to the “model” in the extent of 
the fundamental red color to gain any ad- 
vantage from mimicry. In another series 
of experiments on artificial patterns of 
color on mealworms, he also showed that 
isolated colored segments on “models” 
and “mimics” had to be very similar in 
position for mimicry to be effective. He 
found that if the “mimic” is given too fre- 
quently, a bird will take both it and the 
“model.” 

The studies of Mostler on wasp mim- 
icry, already cited, also bear on the prob- 
lem of generalization by birds. Mostler 
used several species of birds in experi- 
ments to test the mimicry of wasps by 
flies. He showed that two pairs of models 
and mimics, which appear to man as dis- 
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tinct pairs, are all sufficiently similar so 
that the birds avoided the two Diptera 
equally, after experience with either spe- 
cies of wasp. However, a less similar 
fly was not as well protected from preda- 
tion by the birds. Mostler felt that a cer- 
tain minimal resemblance is necessary for 
mimicry to work, and showed that the 
amount of protection of a mimic changes 
with the degree of resemblance of the 
mimic to the model. 

Koehler’s work on the learning of ‘“‘un- 
named numbers” by birds illustrates the 
ability of birds to recognize numbers of 
objects, and this may bear on the recog- 
nition by birds of patterns in butterflies. 
Koehler (1951) reported that one bird, 
after having learned to open a lid with 
three spots and not to touch a lid with 
four spots, was given three and four meal- 
worms moving on the lids in place of the 
spots. After some hesitation, the bird went 
to the three mealworms and left the four 


alone. Instead of opening the lid, the 
bird ate the meal worms from it. This 
ability to recognize numbers is_ also 


pointed out by Muhlmann (1934), with 
regard to a bird’s learning of an arti- 
ficial mimetic pattern on mealworms. 
If a “mimic” mealworm was given one 
more spot than the “model,” whether or 
not a bird mistook the “mimic” for the 
“model” depended upon the size of that 
spot. If the spot was small, it made no 
difference, but if it was large, the pat- 
tern of the “mimic” was changed in the 
eyes of the bird, and it treated the 
“mimic” as something different from the 
“model.” 

This brief sampling of the literature on 
the occurrence of generalization by birds 
indicates that although birds have keen 
visual discrimination, there is also a tend- 
ency among them to similar 
color patterns, and even numbers of ob- 
jects or spots. It seems reasonable to 
suppose that the three control birds (E-1, 
E-2, and E-3) under discussion could 
have associated the orange-brown L. a. 
floridensis with the closely related but 
more orange mimetic pair, D. plexippus 


associate 
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and L. a. archipus. <A further extension 
of this generalized rejection on sight 
alone was shown by E-2 and E-3 for the 
deeper brown D. g. berenice, which was 
not touched by either bird in two succes- 
sive trials. The treatment of L. a. flori- 
densis by E-4A does not support the sug- 
gestion that the other three birds had 
prior experience in nature with D. g. 
berenice, from which they had learned to 
reject its mimic on sight alone in the lab- 
oratory. However, this possibility can 
not be ruled out. 
CONCLUSIONS 

Certain specific results emerge from 
these experiments: (1) that D. g. bere- 
nice was unpalatable to all four experi- 
mental birds; (2) that C-2 and C-3 on 
one occasion, each, did not discriminate 
L.a. floridensis from D. g. berenice, which 
indicates that mimicry can operate in the 
case of these two butterflies; (3) that 
E-4A found L. a. floridensis palatable 
and thus fulfilled the role of a true con- 
trol bird. 

The most interesting outcome of these 
experiments, however, was the new evi- 
dence bearing on the general theory of 
mimicry which resulted from the reversal, 
in this series, of the roles of the former 
control and experimental birds. The re- 
sults obtained lead to the following con- 
clusions. First, if birds have had long 
laboratory experience only with edible 
butterflies, they tend to seize all butter- 
flies offered. The implication is that in 
a situation in nature in which palatable 
mimics outnumber unpalatable models, 
mimicry would not work effectively. 
Carpenter (1949), while studying the 
frequency of models and mimics in but- 
terfly populations at Lake Victoria, found 
that in collections made during periods 
when the mimic outnumbered the model, 
the pattern of the mimic was less like that 
of the model than when the model out- 
numbered the mimic. Presumably in the 
former case there was no longer as much 
selective value in the retention of the 
mimetic forms, and selection could favor 


other, non-mimicking characters of the 
mimic. 

Second, if birds have had laboratory ex- 
perience with unpalatable models as well 
as with palatable butterflies, they can 
reject on sight alone a butterfly which 
bears a general resemblance to an un- 
palatable model. If this were substanti- 
ated, then mimicry in butterflies could 
be shown to be working more effectively 
than has been supposed. Moreover, if 
mimicry can be shown to be effective in 
cases where only a genefal similarity is 
present, then the origin of mimicry by in- 
creasing resemblance becomes reasonable, 
since even incipient mimicry would have 
some selective value. This involves the 
problem of whether a bird recognizes a 
complex color pattern of a butterfly as a 
generalized whole, or whether it depends 
on particular focal points (sign stimuli) 
within that pattern, or uses a combina- 
tion of both methods. 


SUMMARY 


1) Experiments have been conducted 
to test the effectiveness of mimicry in 
Danaus gilippus berenice, model, and 
Limenitis archippus floridensis, mimic, 
with the use of eight Florida Scrub Jays, 
Cyanocitta coerulescens coerulescens, as 
caged predators. The butterflies were im- 
mobilized and their wings were folded 
together dorsally, so that only mimicry in 
the characters of the underside of the 
wings was being tested. 

2) The procedure in these experiments 
differed from that described for the two 
earlier series in that the former experi- 
mental birds now were given mimics 
only, whereas the former control birds 
for the first time were given initial trials 
with models, followed by trials with mim- 
ics. This reversal in the respective roles 
of the two sets of birds was made in 
order to test mimicry with the former 
control group. 

3) Although the model was unpalatable 
to the experimental birds (C-1, C-2, C-3, 
and C-4), these birds failed to remem- 
ber not to touch the models. 
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4) This failure may be a result of the 
fact that in the two earlier experiments 
these birds (C-1, C-2, C-3, and C-4) had 
experience only with relatively palatable 
butterflies. 

5) Three of the control birds (E-1, 
E-2, and E-3) refused the mimic on 
sight alone. 

6) This rejection of the mimic may be 
a result of the earlier experience of these 
birds (E-1, E-2, and E-3) with Danaus 
plexippus, model, and Limenitis archip- 
pus archipus, mimic. Presumably the 
birds mistook the present mimic, L. a. 
floridensis, for the former model and 
mimic (see plate). 

7) A new bird (E-4A), which had had 
no previous laboratory experience with 
D. plexippus or L. a. archippus, showed 
that the mimic, L. a. floridensts, is pal- 
atable, by eating it consistently. 

8) The experiments with the experi- 
mental birds (C-1, C-2, C-3, and C-4) 
suggest that experience with an over-all 
preponderance of unpalatable models is 
necessary for mimicry to operate effec- 
tively. 

9) The behavior of the control birds 
(E-1, E-2, and E-3) suggests that, on 
the basis of past experience with the 
color pattern and associated unpalata- 
bility of a model, generalization can take 
place by which birds incorporate another, 
similar color pattern from a slightly dif- 
ferent mimetic complex into the group of 
butterflies which they recognize as un- 
palatable. 

10) This tendency of the birds to re- 
fuse a generally similar color pattern on 
sight alone suggests that even a moderate 
resemblance of an incipient mimic to a 
model might have selective value and 
further suggests therefore that mimicry 
could arise by increasing resemblance of 
mimic to model. 
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Evolutionary studies on Japanese spe- 
cies of Trillium began with karyological 
investigations of Trilliaceae plants found 
in Japan (Haga, 1934). All the plants 
belonging to this group have the same 
basic chromosome number, five. The 
comparative morphology of the chromo- 
some complement of the basic set of these 
plants is quite similar in the relative length 
of each of the five chromosomes to the to- 
tal length of the basic set and the position 
of the kinetochore of each chromosome. 
The five chromosomes of each basic set 
were designated as A, B, C, D, and E ac- 
cording to their length, from longer to 
shorter (Haga, 1934). 

Slight deviations are seen in the rela- 
tive length and the position of kinetochore 
of corresponding chromosomes of differ- 
ent genomes. But the deviations are so 
inconspicous that each of the correspond- 
ing chromosomes of each species can easily 
be identified in meiotic and mitotic divi- 
sions (see the figures in Haga, 1934, 
1951; Kurabayashi and Saho, 1957a). 
Basic sets of some of the species are char- 
acterized by the presence of satellites. 
The satellite is confined to the distal end 
of the short arm of chromosome D of 
Paris tetraphylla, P. verticillata and Kinu- 
gasa japonica (Haga, 1934, 1937a). 
Karyotoypic polymorphism has been re- 
ported with respect to presence, absence, 
and variations in size of the satellites 
(Haga, 1937b; Kurabayashi and Same- 
jima, 1953). 

The identification of each of the corre- 
sponding chromosomes in the gametic sets 
of Trilliaceae plants found in Japan was 
made, as just decribed, on the basis of 
comparative examinations of chromosome 
morphology. It was found, however, that 
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meiotic conjugation took place intimately 
among corresponding chromosomes of dif- 
ferent genomes which were brought to- 
gether in interspecific hybrids (Haga, 
1937c, 1951; Kurabayashi and Saho, 
1957a). Therefore, the corresponding 
chromosomes are regarded to have kept 
their homology in the course of genome 
differentiation which, as described in the 
following, has produced various diversi- 
fications in the internal structure of chro- 
mosomes of different genomes. Thus the 
divergence of internal chromosome struc- 
ture in these plants has occurred accom- 
panying only a few alterations of external 
appearance and homological relationship 
of chromosomes. 


DIFFERENTIATION OF GENOMES 


Darlington and La Cour’s (1938) pio- 
neer work has afforded an effective way 
of making a detailed analysis of struc- 
tural changes in chromosomes of orga- 
nisms which reveal differential reaction 
in chilled or some other extreme environ- 
mental conditions (Darlington and La 
Cour, 1940; Koller, 1946, etc.). All the 
Trilliaceae plants found in Japan revealed 
this reaction under low temperature con- 
ditions (Haga and Kurabayshi, 1953; 
Kurabayashi, 1953a, b). The gametic 
sets included in each species could be 
distinguished, after manifestation of this 
reaction, by the patterns in differential 
chromosome segments. A total of eleven 
different genomes, two in Parts (Kura- 
bayashi, 1952a), four in Kinugasa (Ku- 
rabayashi, unpubl.) and five in Trillium 
(Haga and Kurabayashi, 1953), were 
identified (table 1). 

Each of the genomes identified has its 
own differential pattern (Haga and Ku- 
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TABLE 1. 


JAPANESE TRILLIUM 





Genome composition of Trilliaceae plants found in Japan identified 


with the aid of differential reaction 








Chromosome 








Genus Genome 
name Species name Number Pairing composition 
Paris P. tetraphylla A. Gray 2x = 10 5Il PP 
P. verticillata MB. 2X = 10 SII VV 
Kinugasa K. japonica Suto et TATEWAKI 3X = 40 20 II LLMMQORR 
_ T. kamtschaticum PALv. 2x = 10 SII KiKi 
*T. hagae MIYABE et TATEWAKI 3X =15 SII+5SI K,KoT 
*T. yezoense TATEWAKI 3X =15 SII+5I K,SU 
Trillium T. tschonoskit MAXIM. 4X = 20 10 II K,K2TT 
T. apetalon MAKINO 4X = 20 10 II SSUU 
*T. miyabeanum TATEWAKI 4X = 20 10 II K.TSU 
T. hagae M1vABE et TATEWAKI 6X = 30 15 II Ki KiK:K2TT 
| T. smalliit MAxtM 6X = 30 15 II K:K.SSUU 








* Respectively an interspecific hybrid. 


rabayashi, 1953; Kurabayashi, 1952a). 
It is clear from examinations of the reac- 
tion patterns that the gene strings of cor- 
responding chromosomes of different ge- 
nomes suffered serious changes in re- 
spect to the length, position and, perhaps, 
chemical composition of the differential 
segments, in spite of the constancy in 
relative length of each corresponding 
chromosome arm measured in a non-dif- 
ferentiated state. 

It is seen from table 1 that meiotic pair- 
ing of chromosomes takes place, generally, 
two-by-two in all the plants including 
diploids, amphidiploids and _allopoly- 
ploids (interspecific hybrids). The choice 
of partner on conjugation is not random 
but occurs, with very few exceptions,’ be- 
tween pairs of corresponding chromo- 
somes of the gametic sets included in each 
species. In amphidiploids the choice of 
partner takes place, as a rule,? between 
corresponding chromosomes of one and 
the same genome, i.e., between homolo- 
gous chromosome pairs (table 2). Con- 
vincing evidence of the fact is that all the 
amphidiploids breed true, few phyloge- 


1 Only three examples of multiple association 
among non-corresponding chromosomes were 
detected in T. smallii (Haga, 1951). 

2 Multivalents of corresponding chromosomes 
were rarely formed in 7. smallii (Haga, 1951; 
Kurabayashi et al., in press and table 2 in the 
present review ). 


netic alterations of their genome compo- 
sition being discernible in nature.® 

In interspecific hybrids, which have no 
homologous chromosome pair (table 1), 
corresponding chromosome pairs of dif- 
ferent genomes enter into conjugation. 
There are several reasons to believe that 
the choice of partners in conjugation may 
occur not at random but preferentially 
between certain pairs among the three (in 
T. hagae (3X) and T. yezoense) or four 
(in T. miyabeanum) genomes. A direct 
proof supporting this belief was obtained 
by careful observations of configurations 
of bivalent C’s in the PMCs of T. hagae 
(3x). These bivalents reveal a slight 
heteromorphism in their short arms, since 
they belong to different genomes included 
in this plant (Haga, 1951). No such di- 
rect evidence was obtained with respect 
to other chromosomes of this plant nor 
on those of the other two hybrids. But 
the predominant frequency of bivalents 
at MI in the PMCs of the hybrids (table 
2) seems to suggest non-random choice 


3 Disturbance of genome composition was 
once found in T. hagae (6X) and T. smallit re- 
spectively. This is concerned with a loss of 
chromosome (D in T. hagae and E in T. smal- 
lit), viz. hypoploidy. Occasional univalent 
formations at MI, which sometimes result in 
laggings at AI, may be responsible for this 
disturbance (Kurabayashi e¢ al., in press and 
table 2 in the present review). 
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TABLE 2. Frequencies of various configurations taken by each group of corresponding chromosomes 
at M, in the PMCs of Trilliaceae plants found in Japan 
Species Genome Freq. (%) of configuration Observer Date of publ. 
II 2I 
T. kamtschaticum Kiki 99.4 0.6 Haga Matsuura & Haga, 1942 
P. verticillata VV 99.5 0.5 Haga Haga, 1944 
III II+I 31 
P. verticillata VVV 91,2 7.6 0.3 Haga Haga, 1937c 
T. hagae (3 X) KikeT 11.9 86.0 2.2 Haga Haga, 1951 
T. yezoense KiSU 23 $28 45 Saho Kurabayashi et al., in press 
IV III+I 211 II+4+2I 4! 
T. kamtschaticum KikKikikKy 68.1 6.4 23.8 1.7 0.0 Kurabayashi Kurabayashi et al., in press 
T. tschonoskii KeKeoTT 0.0 0.0 100.0 0.0 0.0 Haga Haga, 1951 
T. apetalon SSUU 0.0 0.0 99.9 0.1 0.0 Saho Kurabayashi et al., in press 
T. miyabeanum K2TSU 0.0 0.0 86.5 12.3 1.2 Saho Kurabayashi et al., in press 
VI IV+II ITI+II+I 311 211421 
T. hagae (6 X) KikikKeKeTT 00 0.0 0.0 99.0 1.0 Hiraizumi Kurabayashi et al., in press 
T. smallit K2K2SSUU 0.0 1.2 0.2 92.6 5.8 Saho Kurabayashi et al., in press 
III +II 21I1+I Il+3 I 
T. hagae (6 X)*—E 0.0 100.0 0.0 Hiraizumi Kurabayashi et al., in press 
T. smallii*#—D 1.0 97.0 2.0 Samejima Kurabayashi et al., in press 





* Respectively taken from a hypoploid individual deficient in a chromosome E in T. hagae and a D in T. smallii, 
Only configurations taken by the five corresponding chromosomes being deficient in one of its members are recorded. 


of partner in conjugation, because it 
would be possible to expect, under free 
choice and, subsequently, free exchanges 
of partners, more frequent formations of 
multivalents than have been detected in 
the PMCs of these hybrids. The fre- 
quency of multivalents was, in actual fact, 
much higher in tetraploid PMCs artifi- 
cially induced in one plant of 7. kamt- 
schaticum than that in the tetraploid hy- 
brid, 7. miyabeanum, in spite of a much 
lower chiasma frequency in the former 
than in the latter (Kurabayashi et al., 
in press and tables 2, 3 in the present re- 


view). The same situation was found by 
comparing the frequency of trivalents in 
the PMCs of an autotriploid plant of P. 
verticillata with that of the triploid hy- 
brids, T. hagae and T. yezoense (Haga, 


1937b, 1951, p. 249 and table 2 in the 
present review ). 
Such non-random choice of partner 


among corresponding chromosomes in 
the hybrids is, as pointed out by Haga 
(1951), the indication of different ho- 
mologies among the different genomes 
of Trillium. Following his assumption, 
the homologies between the five genomes, 


TABLE 3. Frequency of inversion crossing-over (I.C.O.) per chiasma detected in 
each chromosome at MI in the PMCs of Trillium 
No. No. No. 1.4.7 te 

bivalent Xta LLCO. or - - - a 

Plants analyzed detected detected A B iy D E Total 

T. kamtschaticum 1500 134 0 .000 
T. tachonoskii 1000 1048 0 ~ .000 
T. apetalon 1599 1538 0 .000 
T. smallii 1494 1536 0 .000 
T. hagae (6X) 3752 2405 2 ~ 001 
T. hagae (3X) 1677 2424 65 023 .021 .028 .021  .058 .027 
I. yezoense 382 498 19 038 .011 .030 .098  .000 .038 
T. miyabeanum 5097 5380 369 133 .032 .034 .054  .043 .069 
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K1, K2, T, S and U, were given (Kura- 
bayashi et al., in press and fig. 1 in the 
present review ). 

Another line of evidence indicating 
structural difference in chromosomes of 
different genomes was obtained from ob- 
servation of meiotic chromosome behavior 
in the PMCs of the interspecific hybrids. 
This is the detection of inversions which 
are made evident through the occurrence 
of crossing-over in inverted segments 
(cf. Darlington, 1937). The frequency of 
configurations indicating the occurrence of 
inversion crossing-over was investigated 
in the PMCs of all the plants of Japa- 
nese TJrillium (Kurabayashi and Saho, 
1957b) with the following results: 

1) The frequency of inversion crossing- 
over per chiasma was much higher in the 
hybrids than that in the diploid and 
amphidiploid species and 2) each chro- 
mosome of each hybrid had its own fre- 
quency of inversion crossing-over per 
chiasma (table 3). From the findings it 
follows that inversion has played a con- 
spicuous role during the course of genome 
differentiation of Japanese Trillium and 
the frequency and distribution of inver- 
sions in each pair of corresponding chro- 
mosomes of different genomes are not 
equal. 

Summing up the above described find- 
ings obtained from chromosome studies 
of Trilliaceae plants found in Japan, the 
following conclusions are drawn: 1) The 
chromosome complement of these plants 
has kept its individuality in respect to 
the relative length, position of kineto- 
chore and homological relationship of 
each chromosome. 2) The internal struc- 
ture of chromosomes, on the contrary, 
has suffered conspicuous changes, which 
are evident from the diversification of 
differential segments of each chromosome 
in different genomes and the occurrence 
of inversion crossing-over at meiosis in 
the interspecific hybrids. 3) The homo- 
logical relationship of corresponding chro- 
mosomes of different genomes has been 
altered to such extent as to allow them to 
make preferential choice of partners in 
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meiotic conjugation in the hybrids and to 
prevent multiple association in the amphi- 
diploids. 

These series of facts indicate that in- 
tra-chromosomal changes within each 
chromosome limb have played a prodomi- 
nant role during the course of genome 
diversification. Cytological investigations 
have succeeded in detecting such changes 
to be actually occurring (Haga and Kura- 
bayashi, 1954; Kurabayashi, 1957). 
However, chromosomal changes which 
induce gross alteration in relative length, 
position of kinetochore and homological 
relationship of the chromosomes were 
found no less frequently than the former 
smaller type (Haga and Kurabayashi, 
1954; Kurabayashi, 1952b, 1954, 1957). 
Therefore, some mechanisms which fa- 
vor the persistence of the former in com- 
petition with the latter must have been in 
operation during the course of evoluton 
of the genomes. 

Paracentric inversions, minute duplica- 
tions and deficiencies are recognized as 
chromosome changes inducing the least 
deleterious effects upon organisms and so 
have the largest chance to survive. These 
are also the changes which keep the in- 
dividuality of the affected chromosomes 
little altered. On the contrary, structural 
changes inducing gross morphological 
alteration and disturbance of homological 
relationship of chromosomes are generally 
deleterious to organisms. Therefore, such 


changes are rarely established unless 
special mechanisms compensating for 
their defective actions operate. Such 


mechanisms could not be found among the 
plants under investigation. Accordingly, 
it is proper to assume at present that the 
mechanisms which generally act in or- 
ganisms to maintain chromosome individu- 
ality have also maintained it effectively 
in plants of the Trilliaceae. 


(GENOME AND POLYPLOIDY 


Eight out of eleven types of Trilliaceae 
found in Japan are polyploids. Three 
among the eight are interspecific hybrids 
and the remaining five are amphidiploids. 
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It becomes clear from comparisons of ge- 
nome composition of the plants belonging 
to the genus Trillium that three inter- 
specific hybrids are the F1 between dif- 
ferent pairs of diploid and amphidiploid 
plants now living and one of the amphi- 
diploids, T: hagae (6X), has been pro- 
duced by chromosome doubling of the 
3X relative (table 1). 

If one assumes an analogous process, 
viz., hybridization and chromosome doub- 
ling, in the course of speciation of the 
remaining three amphidiploids a scheme 
of speciation in Japanese Trillium is ob- 
tained (Haga, 1951; Kurabayashi and 
Saho, 1957a and fig. 2 in the present 
review). According to this scheme, speci- 
ation has taken place in three steps 
(Haga, 1956, p. 94): 1) genome differ- 
entiation on the diploid level, leading to 
the establishment of five diploid species 
(K,K,, K,.K,, TT, SS and UU), 2) hy- 
bridization between pairs of diploid spe- 
cies with different gametic sets, and 3) 
‘chromosome doubling in the hybrids to 
produce amphidiploids. 

These have taken place at such dif- 
ferent times and places that only a 
fraction of the possible genome combi- 
nations are realized in the living spe- 
cies. It seems possible, however, that 











Fic. 1. Homological relationship among the 
five genomes of Japanese 7rtlltum presumed on 
the basis of chromosome configurations taken 
at MI in the PMCs of the three interspecific 
hybrids. Solid line indicates the most close 
homology, double line the next and broken 


line the least one, respectively. 
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Fic. 2. Diagrammatic representation of the 
speciation by polyploidy in Japanese Trtllium. 
Species now living are enclosed by solid lines. 


some of the combinations might have 
existed in species which are now ex- 
tinct. Convincing evidence for the 
extinction of species is provided by the 
genome composition of species now liv- 
ing (fig. 2). The most conspicuous 
extinction assumed on the basis of this 
evidence is found in the genus Kinu- 


gasa. Only one species, Kinugasa ja- 
ponica, has been described in this ge- 
nus. It is an octoploid with four pairs 


of different genomes. All the plants 
which are presumed to have con- 
tributed these genomes to this species 
had become extinct (table 1). 

The interspecific hybrids which, by 
chromosome doubling, have produced the 
amphidiploids now living do not exist 
at present except one, 7. hagae (3X). 
extinction of the hybrids is the natural 
sequence of the extinction of one or both 
of their parental species (fig. 2), because 
the hybrids, both living and extinct, are 
or must have been sterile. 


Hyprip STERILITY 


Three mechanisms leading to sterility 
have been described with three inter- 
specific hybrids of Trillium now living 
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(Haga, 1951; Kurabayashi and Saho, 
1957b) : 

1) Uni- and multivalent formation at 
MI: This type of abnormality is seen in 
the hybrids with odd numbers of poly- 
ploidy. Preferential choice of partners 
in meiotic pairing occurs, as described 
above (table 2), between pairs of corre- 
sponding chromosomes of a certain pair 
of different genomes. As the result of 
this choice, exchanges of partners seldom 
occur and consequently one of the three 
corresponding chromosomes in the PMCs 
of T. hagae (3X) and T. yezoense is left 
as a univalent. Random separation of the 
univalents at AI results in the production 
of gametes with aneuploid chromosome 
numbers. The preference in choice of 
partner among corresponding chromo- 
somes is not completely strict, since 
multivalents (trivalents) are sometimes 
formed in these plants (table 2). AI 
disjunction of the multivalents is also 
random. Therefore, hybrids with odd 
numbers of polyploidy are highly sterile. 

2) Inversion crossing-over: Bivalent 
formation is nearly complete in a tetra- 
ploid hybrid, T. mtyabeanum. AT dis- 
junction in this plant, however, is not 
always normal. This abnormality con- 
sists of the formation of dicentric bridges 
accompanied by acentric fragments. 
Bridges at anaphase are also seen in the 
other two hybrids, but are quite rare or 
absent in diploid and amphidiploid spe- 
cies. Matsuura (1950) ascribed the for- 
mation of these dicentrics to breakage and 
reunion which occur at MI among the 
four chromatids meeting together at a 
chiasma. This is a view quite contradic- 
tory with the current knowledge in the 
field of cytogenetics. Kurabayashi, after 
comparative examinations of the fre- 
quency and distribution of the dicentrics 
in each chromosome of different species, 
reached the conclusion that a majority of 
the dicentrics originate from inversion 
crossing-over at meiotic prophase, agree- 
ing with the current opinion held by work- 
ers on other genera. Breakage and re- 


union of chromatids at MI ascertained 
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by Matsuura occur largely superimposed 
upon the pre-existing prophase breakage 
and sometimes modify it so as to sub- 
stantiate metaphase breakages (Kurabay- 
ashi and Saho, 1957b). 

The comparative examinations of fre- 
quencies of dicentrics, or inversion cross- 
ing-overs, in the hybrids elucidated clearly 
another interesting fact: inversions are 
not distributed evenly in each chromosome 
of different genomes (Kurabayashi and 
Saho, 1957 and table 3 in the present 
review). This fact indicates that different 
pairs of corresponding chromosomes of 
different genomes contain, in varying de- 
gree, segments which are arranged mutu- 
ally in inverted relation with each other. 

3) Unbalance in Gametes: About one- 
third of the tetrads of T. miyabeanum 
were apparently normal, being free from 
bridges, fragments and lagging chromo- 
somes (Kurabayashi et al., in press). 
Therefore these tetrads are believed to 
contain ten intact chromosomes. How- 
ever, owing to random disjunction of 
the bivalents composed of corresponding 
chromosomes of different genomes, few 
of the tetrads receive balanced genotypes. 
The extremely high pollen sterility of this 
plant is partly attributable to this unbal- 
ance which may induce lethal effects upon 
gametes which have escaped from defects 
due to the inversion bridges. 

Any one of these three mechanisms 
may sufficiently guarantee sterility of all 
the hybrids, both living and extinct, rep- 
resented in figure 2. Production of hy- 
brids, which are sterile owing to chromo- 
somal differences, is the prelude of specia- 
tion due to polyploidy. 


SPECIATION DUE TO POLYPLOIDY IN 
Trillium 


There is no absolute external barrier 
isolating the living Japanese species of 
Trillium from each other. All the species 
co-exist in northern Japan, Hokkaido. 
The frequency of their hybridization is 
determined by intimacy of co-existence, 
frequency of cross pollination and prox- 
imity in flowering time (Kurabayashi 
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TABLE 4. Geographical distribution of Trilliaceae plants (cf. Haga, 1942) 
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and Saho, 1957a). There are some dif- 
ferences among parents of the three inter- 
specific hybrids with respect to the above 
mentioned three factors. Corresponding 
with these differences, the frequency of 
hybridization is the highest between T. 
kamtschaticum and T. tschonoskii (the 
parents of 7. hagae), next between T. 
tschonosku and T. apetalon (the parents 
of T. miyabeanum) and least between T. 
kamtschaticum and T. apetalon (the par- 
ents of T. yezoense). The other two spe- 
cies, 7. amabile and T. hagae (6x ), are 
distributed only in a restricted area (table 
4) and have not yet been found to partici- 
pate in hybridization with any other 
species. 

The hybrids generally reveal inter- 
mediate morphological characters espe- 
cially in respect to their floral organs 
(Amano, 1944; Haga, 1952; Kurabaya- 
shi and Saho, 1957a). Physiologically, 
they show more vigorous vegetative 
growth than their parents in any habitats 
where they grow. Vegetative propaga- 
tion, however, could not be ascertained to 
occur more conspicuously in any of the 
hybrids than in the parents. Therefore, 
the persistence of the hybrids is due 
solely to the repeated intercrossing of 
their sympatric parents. Neither F2 nor 





back-cross progenies of them have yet 
been found, due possibly to their high 
sterility. 

The handicaps, poor vegetative propa- 
gation, few chances for production of F2 
and backcross progenies, which prevent 
establishment of these hybrids in nature, 
may be removed at once by chromosome 
doubling which improves their fertility. 
The fertility seems, in the case of T. 
hagae, to increase from zero to approxi- 
mately 100 per cent at once with chromo- 
some doubling. In actual fact, Haga 
(1951) found 15 bivalents in 6 out of 47 
hexaploid PMCs spontaneously produced 
in two individuals of triploid hybrid, 7. 
hagae. Complete analysis of the remain- 
ing PMCs was impossible owing to bad 
orientation of MI plate in preparation. 
But no multivalents were recorded there, 
only bivalents being ascertained. 

This finding suggests that complete 
restoration of fertility in the amphidiploid, 
T. hagae (6X), took place at its birth. 
This is a particularly favorable situation 
for speciation by chromosome doubling 
of interspecific hybrids. There is no di- 
rect proof supporting the existence of the 
same situation on chromosome doubling 
in the other interspecific hybrids of 7ri- 
lium than T. hagae. The high meiotic 
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regularity in all the amphidiploids now 
living is not necessarily supporting evi- 
dence for this, because natural selection 
would have improved their fertility in 
the course of their establishment. How- 
ever, it seems likely that the strong pref- 
erence in choice of partner on meiotic 
chromosome conjugation detected in all 
the polyploids examined (vide supra) 
may operate after chromosome doubling 
in each hybrid to guarantee strict two- 
by-two association of homologous chro- 
mosomes, suppressing affinities among 
corresponding chromosomes of different 
genomes. 

Chromosome doubling in hybrids can 
be brought about in three ways: 1) union 
of unreduced gametes produced separately 
in both parents, 2) union of unreduced 
gametes produced in F1 sterile hybrids 
and 3) production of hybrids with normal 
reduced gametes of the parents followed 
by chromosome doubling in the hybrids 
(Haga, 1956). Formation of unreduced 
gametes was observed in PMCs of both 
the parental species and the hybrids. 
Polysomy was also detected in meriste- 
matic tissues of these plants. Though 
the frequency of these phenomena was 
extremely low, each of the three ways of 
doubling just described may have been 
possible, owing to the long time during 
which speciation due to polyploidy has 
proceeded. 

For two of the three interspecific hy- 
brids of Trillium now living, the amphi- 
diploid relatives have not yet been found 
in nature, and apparently do not exist. 
The remaining one, 7. hagae (3X), 1s 
the only hybrid now living together with 
its amphidiploid relative. However, the 
distribution of this amphidiploid is so 
restricted that it is found only in a small 
fraction of the area where the distribu- 
tions of the parental plants overlap and 
the hybrid is formed (table 4). 

Four localities are known in which 6X 
T. hagae forms large colonies. The fre- 
quency of the 3X plant in each of the four 
localities is negligibly small, being per- 
haps zero. Co-existence of the parental 
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species, T. kamtschaticum and T. tscho- 
nosku, was found in two of the four, viz. 
Tomikawa and Abashiri. It was found 
in Tomikawa that the co-existing parental 
plants must not be the ones which par- 
ticipated in the formation of the 6x plant 
found there, because the chromosome 
complement of the K1 genomes included 
in individuals of T. kamtschaticum and 
T. hagae (6X) growing together in this 
locality differed much in the patterns of 
their differential segments (Kurabayashi, 
unpubl.). Accordingly the co-existence 
met there is a secondary one brought 
about by migrations occurring after es- 
tablishment of the 6X plant. Genome 
analysis of the Trillium plants by means 
of differential reaction has not yet been 
carried out with materials obtained at 
Abashiri. However, it seems probable 
that the 6X and its parental species found 
there may also have come into contact 
through migration by recent eco-geo- 
graphical changes.* Therefore, the ab- 
sence of 3x 7. hagae in these two locali- 
ties cannot necessarily be taken as evidence 
substantiating the production of the 6x 
from unreduced gametes of the parents. 
In the neighborhood of the remaining 
two localities, Birator1 and Kawayu, not 
only the 3x hybrid but also one of the 
parents, 7. kamtschaticum, could not be 
detected. It is evident, therefore, that the 
6X found there may have been produced 
in some time when conditions in these 
habitats allowed the co-existence of the 
parents or may have migrated there from 
different localities where it originated. 
Mixed occurrence of 6X with 3X was 
often found in Hidaka Province. There, 
hybridization of the parental species is 
actively in progress. The relative fre- 
quency and ecological relationships of the 
four types, 6X, 3X and the parents, could 
not yet be made clear in the native habi- 
tats because of difficulties in distinguishing 


4 As to the eco-geographical changes in this 
habitat, one may cite the history of Abashiri 
Seas from upper Pleistocene to recent (Minato 
et al., 1953). 
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6X from 3x.° Examinations of Trillium 
plants collected from the co-existing areas 
indicated that the frequency of the type 
6X was very much smaller than that of 
3x, and little colonization of the former 
in these habitats could be detected. 

The geographical distribution and fre- 
quency of 6X T. hagae and its relatives 
described above indicate successive stages 
in the process of speciation by chromo- 
some doubling in this amphidiploid. The 
process begins with the production of 3X 
T. hagae by hybridization of the parents. 
The hybrids grow to maturity in the lo- 
calities native to their parents (Haga, 
1956). Pre-existence of this sterile hy- 
brid may not be the necessary condition 
for the production of the amphidiploid. 
However, the chance for chromosome 
doubling may be increased by far in the 
presence of the hybrid. The doubling oc- 
curs in habitats where the hybrids are 
frequent. The perennial habit of Trillium 
may also promote the doubling (Stebbins, 
1950). Haga (1956) ascertained that the 
6x plants found in habitats where they 
grew mixed with 3x possessed a pair of 
K1 genomes homozygous for differential 
patterns which coincided with those found 
to be very frequent in T. kamtschaticum 
growing together with the two hybrid 
types. 

Emphasis must be put here upon the 
homozygosity kept in the Kl genome 
pair included in 6X individuals which 
were obtained from habitats where the 
highest heterozygosity of the genome was 
revealed by T. kamtschaticum, the donor 
of the genome (Haga, 1956; Haga and 
Kurabayashi, 1954). Chromosome dou- 
bling has thus taken place after fertiliza- 
tion in the Fl and has been followed by 
inbreeding. In this way new constant 
hexaploid plants are arising at present in 
nature (Haga, 1956, p. 57). 

Whether a process of speciation analo- 


5 The 6X and 3X can be distinguished by the 
human eye only on the basis of the mode of 
seed setting at maturity. The fruit of the 3x 


then shrivels owing to poor fertility, while that 
of the 6* does not (Haga, 1952). 
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gous to that just described was followed m 
by the other amphidiploids is an open (] 
question impossible to answer on the SC 
basis of direct evidence. However, it is di 
the most likely process to have been cl 
followed by them, because their parental tk 
plants were probably isolated, like those St 
of 7. hagae, not by an external but by 1 
an internal barrier, chromosome sterility. p 
Development of this barrier seems to have e 
been favored by conditions in Pleistocene. a 
During this epoch, breakage and union c 
of land bridges connecting the Japanese C 
Islands with each other and with Asiatic ] 


Continents occurred repeatedly (Yabe, 
1929; Minato, 1954, etc.). When they 


existed, the bridges afforded routes for | 
migration. When they broke, the result- 
ing straits became barriers of isolation. { 


In each isolated island, structural changes | 
in chromosomes of Trillium occurred in- 

dependently from each other. These al- 

lopatrically developed structural differen- 

tiations might have been tested for their 

effectiveness as internal barriers in the 

next migration. The five genomes now 

included in Japanese Trillium are those 

which were successful in surviving these 

tests. 


INTRAGENOMIC DIFFERENTIATION 


In the foregoing paragraphs, the proc- 
ess and mechanism of speciation in Japa- 
nese Trillium were outlined. The specia- 
tion is conditioned primarily by struc- 
tural diversification of chromosomes in 
each genome. Extensive analyses of chro- 
mosomal variations have been carried on 
with the K1 genome included in 7. kamt- 
schaticum, Chromosomes of this genome 
are quite suitable for the analyses be- 
cause they reveal a clear-cut differential 
reaction in the chilled condition, permit- 
ting the accurate detection of minute 
structural changes in the differential seg- 
ments (Haga and Kurabayashi, 1954; 
Kurabayashi, 1952b). 

The number of types of different pat- 
terns found in each chromosome under 
the differential reaction were, up to the 


year 1956, 71, 19, 15, 16, and 18 in chro- 








































mosome A, B, C, D, and E respectively 
(Fukuda and Kozuka, 1958). There is 
some cytological evidence to show that 
deficiencies and inversions of minute 
chromosome segments are responsible for 
the production of these different chromo- 
some types (Haga and Kurabayashi, 
1954). Comparative examinations of the 
patterns of each chromosome also afforded 
evidence supporting this, because the vari- 
ation in the types generally consists 
of minute modifications in the patterns 
of differential segments (Kurabayashi, 
1957). 

It was suggested further that the vari- 
ation in the patterns thus produced may 
bring forth another cause of structural 
changes. This is the production of new 
types by crossing-over between different 
chromosome types (Haga and Kurabay- 
ashi, 1954, p. 168). The suggestion was 
found to be true by the investigation of 
Rutishauser (1956). He examined endo- 
sperm chromosomes of Trillium grandi- 
florum (2n= 10) after fertilization, uti- 
lizing as a maternal plant an individual 
with a marked heteromorphism in dif- 
ferential patterns of a chromosome pair, 
and detected the origin of a new type of 
chromosome. 

Chromosomal changes detectable with 
the aid of differential reaction are, of 
course, restricted to those taking place 
in differential segments. Changes in 
nondifferential segments can be noticed 
only when they induce visible alteration 
in chromosome length or homological re- 
lationship. Reciprocal translocations af- 
fecting relative length and homological 
relationship were reported four times in 
T. kamtschaticum (Haga and Kurabay- 
ashi, 1954). In all cases, translocated 
chromosomes were involved in the heter- 
ozygous condition, and there was no evi- 
dence to support any establishment of 
these translocations in natural populations 
of this plant. Meiotic chromosome be- 
havior was found in PMCs of two of these 
heterozygotes to show high irregularities 
(non-disjunction and subsequent high pol- 
len abortion. Matsuura, unpubl.). 
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Fic. 3. Schematic representation of two pos- 
sible causes of producing a new type chromo- 
some with a pair of homologous chromosomes 
with structural difference in the differential 
patterns of both arms. a) Reciprocal translo- 
cation between entire arms at Kinetochore. b) 
Crossing-over adjacent to kinetochore of the 
homologous pair. 


Two cases of translocation involve en- 
tire arms of non-homologous chromo- 
somes adjacent to the kinetochore regions 
(Haga and Kurabayashi, 1944, pp. 164— 
165). If the same reciprocal transloca- 
tion takes place involving whole arms be- 
tween a pair of homologous chromosomes 
with structural heteromorphism in differ- 
ential patterns of both arms the result is 
the formation of a new type of chromo- 
some (fig. 3). 

Three of the five homologous pairs (A, 
B and E) of T. kamtschaticum revealed 
variation in differential segments in both 
arms. Examination of the patterns of 
these chromosomes suggested that such 
arm recombination might be one of the 
mechanisms of chromosomal variation 
(Kurabayashi, 1957). However, it must 
be noted that crossovers occurring adja- 
cent to the kinetochore of such a hetero- 
morphic pair may yield the same result 
(fig. 3b). 

As described above, the mechanism of 
changes in chromosome structure could 
not yet be made clear except in several 
examples which were substantiated cyto- 
logically. Quantitative analysis of the 
changes lies, in such circumstances, far 
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beyond our reach. Experimental studies 
for this by progeny tests and by the 
method of endosperm genetics such as 
those carried out by Rutishauser (1955, 
1956) are necessary. 


CHROMOSOMAL VARIATION IN NATURAL 
POPULATIONS OF 7. kamtschaticum 


Though the frequency ‘of the chromo- 
somal changes are yet unknown, each 
chromosome type remains highly con- 
stant in meristematic tissues (Haga and 
Kurabayashi, 1954, etc.). Progeny tests 
with chromosomes of T. grandiflorum in 
fertilized endosperm verified the un- 
changed transmission of the types from 
the parents except for a few cases of 
crossing-over between heteromorphic pairs 
(Rutishauser, 1955, 1956). Constancy 
of the types was ascertained also in 107 
out of 110 chromosomes in 11 pairs of 
metaphase plates in the first post-meiotic 
mitosis of EMCs of 7. kamtschaticum 
(Samejima and Kurabayashi, 1958). 
One homologous chromosome pair in- 
cluded separately in a pair of metaphase 
plates of an EMC revealed an identical 
pattern change, presumably due to an in- 
version occurring during pre-meiotic stage. 
The type of the remaining one chromo- 
some could not be identified owing to 
overlapping in the fixed figure. 

Judging from the facts just described, 
the rate of mutation in the differential 
segments seems to be not unduly higher 
than that generally recognizable in chro- 
mosomes of other organisms. It may be 
noted here that heterozygosity in _ the 
ditferential patterns facilitates, through 
crossing-overs, chromosomal mutation. 
Such was actually the case in several pop- 
ulations of T. kamtschaticum, into which 
marked heteromorphism in the patterns 
of a homologous chromosome pair were 
introduced by way of migration, magnify- 
ing the genetic variation in these popula- 
tions (Kurabayashi, 1957, p. 28). 

Mutation is, of course, not the only 
factor which determines the rate of ge- 
netic variation among natural populations. 
Limitation in size of a population induces 
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a marked influence upon homogeneity of 
a population. All the five chromosome 
pairs of 7. kamtschaticum were fixed to 
one and the same type in a small popula- 
tion found at Kusakai (As)*, a locality 
occupying the southern limit of distribu- 
tion of this plant (fig. 4, table 5). Small 
populations investigated in isolated islands 
revealed also high homogeneity, while 
conspicuous heterogeneity was consistently 
met with in large populations investigated 
in Hidaka and eastern Hokkaido where 
T. kamtschaticum is distributed nearly 
continuously (Kurabayashi, 1957, Appen- 
dix Tables 1-5). 

Two formulae were introduced to rep- 
resent the homogeneity of natural popula- 
tions of this plant. The one is “Homo- 
geneity Index” =( Number of homorphic 
pairs found in a sample of a given popu- 
lation) /(Total number of chromosome 
pairs analysed) X (Number of chromo- 
some types analysed) (Haga and Kura- 
bayashi, 1954). This formula is a con- 
venient one but has an inadequacy, be- 
cause the homogeneity is treated here as 
a function partly influenced by inbreeding. 
Inbreeding is not a general event in nat- 
ural populations of this plant (Narise, 
1956). Another is “N. T. C.” =( Total 
number of chromosome types found in a 
sample of a given population) /5: 5 being 
the number of homologous pairs of this 
plant. With this formula, it is possible to 
treat the homogeneity as the function of 
random genetic drift operative in succes- 
sive generations (Hiraizumi, 1956). Ge- 
netic variability in an isolated population 
composed of a finite number of individuals 
is decreased, generation by generation, if 
mutations do not provide sufficient sources 
of variation de novo. Decrease in vari- 
ability is induced also by natural selection 
(cf. Dobzhansky, 1950). No information 
has yet been made about mutation rates 
and selection coefficients of any genes or 
chromosome types of this plant. The 


6 The abbreviated symbol of the locality in 
which a natural population of T. kamtschaticum 
was examined was used as the name of that 
population. 
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homogeneity of a population represented 
with the above two formulae gives, by it- 
self, littlke or no information about how 
the homogeneity has arisen in each popu- 
lation. 

The homogeneity of natural popula- 
tions represented by N.T.C. values are 
given in table 5 together with their ap- 
parent size, relative length of time pre- 
sumed to have elapsed during effective 
isolation and intensity of the isolation. 
As pointed out by Hiraizumi (1956) and 
indicated also in table 5, the value of 
N.T.C. of each population is in accord 
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Map of northern Japan showing localities where natural popula- 
kamtschaticum were chosen for investigation. 


with that expected from its size, length 
and intensity of isolation. 

The apparent size of a population was 
represented by rough estimation of the 
number of individuals in a given popula- 
tion, since the absolute value of effective 
size of each population cannot be known. 
In small populations the apparent size was 
less than a few hundred. Thousands or 
rarely tens of thousands of individuals 
were included in large populations. The 
apparent size does not represent an ef- 
fective one especially in this plant be- 
cause it is a perennial. The longevity 

























TABLE 5. N.T.C. values, population size and isolation conditions in 
natural populations of T. kamtschaticum * 
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Isolation 
Locality Population N.T.C. Size Length Intensity 
Ks 1.0 small long strong 
Northern Honshu {i 1.4 small long median 
Tn 2.5 small long median 
Kojima Isl. Kj 1.0 small long strong 
Yk 1.7 small median __ strong 
. Nn y Be median median __ strong 
Southern Hokkaido Nb 1.7 small median __ strong 
Sr 2.0 large median median 
Southern part of Ishikari Ni 1.0 small median strong 
Depression Tm 1.5 small median strong 
(En 24 small short median 
as — Ss 3.4 small short weak 
yrs selaadeamaaal 3.1 small short weak 
an My 2.8 small short weak 
Np 3.0 small short weak 
rOn 1.2 small median weak 
Ke small median weak 
Northern Hokkaido < Sn 2.0 small median weak 
Kb 2.3 median median weak 
Ye 1.2 small median strong 
Ow 1.5 small long strong 
Rishiri Isl. 18F 1.2 median long strong 
Od 1.7 small long strong 
(Mm 2.2 small long median 
Kk 1.6 small long median 
Rebun Isl. < Ku 1.8 small long median 
Nr 2.2 small long median 
| Fd 1.2 small long median 
ee An 2.2 median short weak 
siacdeansiie Kt 3.2 median short weak 
Sz 4.2 large short weak 
Sm 4.2 large short weak 
Hidaka Prov. Hz 3.0 large short weak 
Srr (S) 3.0 large short weak 
Srr (N) 3.2 large short weak 
Hr 2.9 median short weak 
Tokachi Prov. ity 3.0 large short weak 
Ms 2.3 large short weak 
’ : Ak 3.9 large short weak 
Eastern Hokkaido a 3.9 large short weak 








* Supplementation and modification of N.T.C. values were made with respect to populations 
investigated after the publication of Hiraizumi’s paper (cf. Hiraizumi, 1956, pp. 43-44, table 6). 
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of individuals attains several decades in 
suitable habiats. Therefore, the apparent 
size may seriously deviate from the ef- 
fective one in populations which grow 
in habitats where environmental condi- 
tions suffer drastic and rapid changes as 
compared with the life span. Ss, Sg, My 
and Np, for example, have a respectively 
small apparent size. However, the re- 
duction of the size has occurred rapidly 
in their habitats during these decades by 
civilization and agricultural cultivation. 
Therefore the majority of the members 
of these populations which have survived 
may retain genetic compositions which 
were realized there before the destruction. 

Sr, which was destroyed by recent af- 
forestation, had a large number of indi- 
viduals. However, its effective size had 
been kept smaller than the apparent one 
due to the effects of inbreeding, which 
seem to have been promoted in this popu- 
lation by darkening of woods, preventing 
insect pollination (Narise, 1956). 

Subgrouping is another factor which 
reduces effective size. Narise (1956) 
found subgrouping in Srr (N), in which 
significant deviation from Hardy-Wein- 
berg law was detected with respect to the 
composition of several chromosome pairs. 
He succeeded in reconstructing two sub- 
groups by separating individuals having 
certain different types of one chromosome 
pair (Chromosome C) into two. The 
law held good in each of the separated 
groups. Careful sampling of plants in 
Srr (S) also revealed the existence of 
subgrouping (Narise, unpubl.). He is of 
the opinion that conspicuous complication 
in topographical and climatic conditions 
of the locality is responsible for the sub- 
grouping. 

Other populations whose chromosome 
compositions were tested for the Hardy- 
Weinberg law yielded no positive proof 
for subgrouping. However, it seems pre- 
mature to speak of it because the sample 
plants examined were usually obtained 
from a quadrate arbitrarily thrown in 
each population examined. 7 y was the 
only population in which sampling was 
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made aggregate by aggregate covering 
all the habitat area. No evidence of sub- 
grouping, however, was obtained (Narise, 
unpubl.). This population exists for a 
mile upon a flat terrace along the river 
Toyoni. There, climatic and edaphic con- 
ditions are quite uniform. 

The length and intensity of isolation in 
each population (table 5) were judged 
from eco-geographical conditions in the 
habitat. Populations of northern Honshu 
and southern Hokkaido surely have be- 
come smaller since Post Glacial time 
(Haga and Kurabayashi, 1954). Ks, the 
southernmost population, is found at an 
elevation of 800 meters above the sea. 
It is now completely isolated from neigh- 
boring populations by a wide distance. 
Isolation by distance is decreased north- 
wards, but in southern Hokkaido, vol- 
canic activities since Post Glacial time 
have deprived this plant of some habitats. 
There, it can grow only on areas re- 
covering from the cover of volcanic ashes. 
The influence of volcanic activity is clearly 
seen when one compares the populations 
distributed over the northern and southern 
part of Ishikari Depression (table 5). 
Repeated covering by volcanic ashes in 
the latter area has prevented this plant 
from growing except in several limited 
areas while the former area has been 
free from volcanic activity and large pop- 
ulations had developed until recently 
(vide supra). On the other hand the vol- 
canic activity in Rishiri Island has failed 
to induce such a marked difference in 
N.T.C. values between population groups 
distributed there and on the neighboring 
island, Rebun. This is because of the 
paucity of genetic variability in both 
islands, where topographical conditions 
have prevented the development of large 
populations irrespective of the presence — 
or absence of volcanic activity. 

There are few effective isolation bar- 
riers in Hidaka, Tokachi and eastern 
Hokkaido, where this plant grows nearly 
continuously. The apparent size of popu- 
lations in northern Hokkaido is generally 
small, interrupted by dark woods. How- 
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ever, isolation due to this agency seems 
to be less strong and persistent than cli- 
matic and geographical barriers active in 
the above mentioned southern districts 
and islands. 

From the above information, it is cer- 
tain that genetic homogeneity in natural 
populations of 7. kamtschaticum is con- 
ditioned by population size, length and 
intensity of isolation. The guiding force 
for the reduction in N.T.C. values is, as 
assumed by Hiraizumi (1956), random 
genetic drift. Of course, this agency acts 
in natural populations not independently 
but in cooperation with other evolutionary 
pressures. The following analysis is an 
attempt to examine how the cooperation 
has occurred. 

This plant grows continuously in south- 
eastern regions of Hokkaido. Eight pop- 
ulations, Ot, dk, Ty, Hr, Srr (N), Srr 
(S), Sm and Sz, were chosen there for 
investigation of their chromosome com- 
position. The total number of chromo- 
some types found in a given population, 
examined in 50 sample plants taken from 
Ak, attained 62. This was the largest 
number among the eight. Examination 
of forty-five sample plants from Srr (S) 
gave 28 different types, the smallest num- 
ber obtained in these regions (Kurabay- 
ashi, 1957). 

Chromosome A was the most variable 
one in each of the eight populations. 
However, a majority of the types attained 
only a few per cent in frequency in each 
population. In other chromosomes which 
are less variable than A, one to three types 
with high frequency values were found 
generally accompanied, but sometimes 
not, by several types with low frequencies. 
The extreme case in which all chromo- 
somes of one chromosome pair were oc- 
cupied by a single type was found in 
chromosome D in Srr (N) and Srr (S)., 
respectively (table 6). 

The situations found with respect to 
the chromosome composition of the eight 
populations may be explained as the re- 
sult of mutation and selection. As indi- 
the total number of different 
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types found in each chromosome (vide 
supra), chromosome A is the most vari- 
able one among the five chromosome pairs. 
This is perhaps because of the fact that 
it possesses large differential segments 
in both of its arms. Other chromosomes 
have differential segments which reveal 
frequent structural variations in only a 
single arm. Other arms seldom or never 
show detectable changes (Kurabayashi, 
1957). The method of analysis adopted 
here allows, as described before, the de- 
tection of only structural changes oc- 
curring in the differential segments. 
Therefore, it is no wonder that the chro- 
with a large proportion of 
these segments appears to be more vari- 
able than those with fewer and_ shorter 
ones. 

Increase in mutation rate gives the 
same result as relaxation of selection (cf. 
Dobzhansky, 1950). Genetic variability 
of mendelian populations is much in- 
creased in that condition. Chromosome 
types which affect less adaptive charac- 
ters’ may avoid extinction and even ac- 
cumulate occasionally in populations due 
to excess of mutation rate over selection 
pressure. However, types which have an 
adaptive advantage and are also favored 
by the direction of mutations will oc- 
cupy the predominant frequencies. Gen- 
erally, favorable mutations are rare, and 
only a few types may become predomi- 
nant in each population. Decrease in 
mutation rate affords sufficient room for 
selection. As the eight populations are 
not isolated completely from each other, 
populations under the influence of selec- 
tion pressure identical in quality may ac- 
quire one and the same predominant type 
in common. 

Hiraizumi (1956) regarded these 
south-eastern populations as the model 


mosomes 


7 It is impossible at present to speak of the 
adaptive value of each chromosome type. How- 
ever, it is quite possible, even if the differential 
segment were “inert” in the literal sense, that 
chromosomes with different differential patterns 
may also bear different genes or gene com- 
plexes which exert different effects upon 
phenotypes. 
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TABLE 6. Chromosome composition of the eight populations investigated in 
southeastern regions of Hokkaido 


The number of different types, which is represented by the horizontal axis in the diagrams, detected 
in each chromosome is given just to the left of (or above, in chromosome A) the corresponding diagram 


representing the composition of the chromosome. 
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from which random genetic drift started. 
The frequency of each of the different 
chromosome types differs conspicuously 
from one population to another. There- 
fore it is reasonable to consider that the 
chances for scattering of types due to 
drift would be not even unless the pop- 
ulations were subdivided all of a sudden 
and reduced much in size. Such events 
are rather rare. The most likely changes 
in the beginning of drift are rapid ex- 
tinction of types with low frequencies. 
On this account, Hiraizumi determined 
the N.T.C. value of the model population 
upon which random genetic drift acts, as 
four, being the average number of types 
which have frequencies of more than five 


per cent in the populations of Hidaka and 
eastern Hokkaido. 

The eight populations, on the other 
hand, reveal high homogeneity in respect 
to the composition of chromosomes C and 
D in that they both are represented re- 
spectively by a single predominant type 
which is common in all the populations. 
Therefore, in respect to these chromo- 
somes, little room is left for alterations 
in the composition of the populations 
through the effect of random genetic 
drift. Such is especially so when the de- 
crease in population size is gradual and 
fluctuating or when the selection pressure 
acting for increase of the predominant 
types is strong. 
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The simultaneous action of selection 
and random genetic drift in small popu- 
lations of Drosophila was examined ex- 
perimentally by Wright and Kerr (1954). 
The same situation may exist in natural 
populations of 7. kamtschaticum in con- 
ditions which allow a gradual and fluc- 
tuating decrease in population size. Such 
conditions have been kept in districts of 
northern Hokkaido which has been free 
from recent volcanic activities. The size 
of populations in these districts is smaller 
than in southeastern Hokkaido (cf. table 
5). The barriers isolating the northern 
populations are mainly the dark forests, 
particularly of conifers. The populations 
may have repeatedly expanded and con- 
tracted along with alterations in the 
forests. 

Chromosome composition examined in 
five populations of northern Hokkaido 
revealed an astonishingly high coinci- 
dence among them (Kurabayashi, 1957). 
The coincidence was kept unchanged, 
jumping over the present geographical 
barrier, within and among population 
groups examined in northern Hokkaido, 
Rishiri and Rebun Island (fig. 4). It 
may safely be concluded on the basis of 
the coincidence that these groups of pop- 
ulations had once a common gene pool. 
The effect of random genetic drift which 
is operative in isolated conditions has 
failed to break down the coincidence. 
This failure has resulted from the effect 
of selection acting upon the populations 
simultaneously with drift. Huiraizumi 
attempted to represent schematically the 
mode of their simultaneous action ex- 
pected on the basis of theoretical calcu- 
lations. 

It is clearly seen from this figure that 
more room is left for selection when the 
size of a population repeatedly increases 
and decreases than when it is fixed to a 
constant value equivalent with the aver- 
age effective size attainable throughout 
the increase and decrease (compare the 
terminal values of fixed gene pairs in I-11 
and II-ii of fig. 5). Selection and ran- 
dom genetic drift may, on this account, 
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Fic. 5. Schematic representation of gene 
frequency changes under simultaneous effect of 
natural selection and random genetic drift. 
Abscissa: number of generation. Ordinate: 
proportion of unfixed gene pair. 

[-i N decreases 1% per generation from 0 
to 300 generation and then afterwards 
increases 1% per generation, attaining 
the original value, 1000, at 600 genera- 


tion. 
s=0 
[-ii N suffers the same changes in I-i 
s = 1/200 


II-i N —160; a size equivalent to the effec- 
tive one kept in average in | throughout 
600 generations. 
s=0 
Il-i11 N = 160 
s = 1/200 


cooperate to decrease genetic variability 
of a population. In such case, random- 
ness of fixation of individual gene pairs 
is more or less lost even in small popu- 
lations to allow fixation of certain adap- 
tive genotypes. However, adaptiveness 
is then maintained by mechanisms differ- 
ent from those operative in a large pan- 
mictic population. There, continuous 
cooperation of mutation and _ selection 
goes on, while in the former persistence 
of an adaptive peak once attained is the 
general rule because the supply of raw 
materials necessary to make new changes 
is much restricted. Such adaptation by 
persistence of a peak may be called 
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“fixed” adaptation because the capacity 
for further adaptive changes is lost at 
once with the fixation of genes. A fine 
example of fixed adaptation is seen in 
Tm, a small population examined in the 
western part of Hidaka Province (fig. 4). 
The chromosome composition of this 
population was the same as that detected 
among populations of Rebun Island. In 
this population fixation of a single type 
was seen in four of the five chromosome 
pairs in eight individuals giving an 
N.T.C. value of 1.5 (table 5). Persist- 
ence of northern elements was seen not 
only in the chromosome composition but 
also in some external characters and the 
flowering time of individuals taken from 
Tm (Samejima, 1958, Hiraizumi, un- 
publ.). Surely this population may be 
a relict of an ancient migration from the 
north. 

Populations in northern Honshu and 
southern Hokkaido revealed more dis- 
continuity in chromosome composition 
than the northern ones (Kurabayashi, 
1957). Their past continuity can be in- 
ferred on the basis of coincidence of only 
a few chromosome types. There have 
been climatic and geological conditions 
since Post Glacial times to induce sud- 
den isolation and rapid decrease in size 
of these populations. Warmer climate 
and volcanic activities are above all the 
conspicuous factors responsible. Thus 
the populations in these districts have 
experienced severe scattering of the vari- 
ability, and random fixation of chromo- 
some types in each population has re- 
sulted. 


GEOGRAPHICAL DIFFERENTIATION IN 
CHROMOSOME COMPOSITION 


The populations examined in northern 
and southeastern Hokkaido respectively 
revealed high genetic continuity, ex- 
pressed by coincidence in chromosome 
types attaining a high frequency in each 
population. Few types were found in 
common, however, among populations of 
the different districts. In order to rep- 
resent this geographical differentiation, 
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an attempt was made to show the chro- 
mosome composition of each population 
with respect to arm types attaining a fre- 
quency of more than five per cent in each 
population (Kurabayashi, 1957). Then, 
it becomes possible on the basis of chro- 
mosome differences to divide natural 
populations of T. kamtschaticum distrib- 
uted in northern Japan into three groups, 
South, East, and North. Several sub- 
groups were distinguishable in each pop- 
ulation group, because the chromosome 
composition of individual neighboring 
populations in each group is not exactly 
the same. The factor most responsible 
for this grouping and subgrouping is ap- 
parently a geographical one (cf. fig. 4). 
However, the mechanism of maintenance 
of the continuity in each population group 
is different. The continuity within 
North and South is maintained across 
the present geographical barrier. Such 
may be called historical continuity be- 
cause it is a residue of past panmixia. 
The three population groups meet at 
Ishikari Depression (fig. 4) which was 
brought above the sea level by slight 
marine regression after the “Climatic Op- 
timum”’ (cf. Minato, 1954; Minato et al., 
1953.) This Depression had often sunken 
under the sea during interglacial periods 
of the later Pleistocene. Marked diver- 
gence in chromosome composition was 
detected among the populations distrib- 
uted along and near the Depression.® 
This divergence is brought about by mi- 
gration of different chromosome types 
from the three population grdups men- 
tioned above. The mode of migration is 
represented clearly by classifying the 
chromosome types found in each popula- 
tion of the Depression according to their 
origin. In this way geographical differ- 
entiation of chromosome composition in 
natural populations of T. kamtschaticum 
is represented in fan diagrams (fig. 6). 


8 The high genetic homogeneity in each pop- 
ulation taken from the southern part of this 
depression is, as described before, due to their 
small size which was markedly reduced by the 
recent volcanic activities. 
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spectively. 
in such cases. 


High genetic continuity in North and 
East is represented in figure 6 as the 
predominance of the types inherent to 
each in all the populations. On the other 
hand, chromosome composition among 
populations in South reveals heterogene- 
ity reflecting their genetic discontinuity. 

The geographical differentiation which 
was revealed by the analysis of chromo- 
some composition in natural populations 
of 7. kamtschaticum could also be in- 
ferred from the difference in mean values 
of some external characters of this plant 
obtained in the different groups of pop- 
ulations (Samejima, 1958). The char- 
acters examined were the length of guard 
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Diagrammatical representation of geographical differentiation of chromosome 
composition in natural populations of T. kamtschaticum and the mode of migration in boun- 
dary areas where different geographical population groups meet. 
different origins are marked by different signs. 
in North, East and South population group respectively. 
in common in North and East, South and East, and North and South, respectively. I and 
Sr: types found restrictedly in Sr population and populations in Ishikari Depression, re- 
C: types common in all population groups. 
per cent in frequency in a few populations belonging to different population groups are 
included in this category because the danger of accidental coincidence of types may be great 


Chromosome types of 
N, E, and S: types found almost restrictedly 
NE, SE and NS: types found 


Several types attaining only a few 


cells of stomata, the ratio of length to 
width of petals, sepals, and leaves, and 
that of height to diameter of fruits. 
Though the intragroup variation was 
fairly large, it is seen that individuals 
taken from populations of South had 
narrower leaves, sepals and petals than 
those in North. Members in East had 
the widest petals and largest fruits. Pop- 
ulations distributed near and along the 
Ishikari Depression differed much from 
each other in the mean values (fig. 7). 
Examination of variance of these char- 
acters in each population elucidated an- 
other important fact, 1.e., the parallelism 
between the variance values and the ge- 
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Fic. 7. Pictorial diagrams representing mean values (vertical axes) and 
standard deviation (horizontal axes) of the four characters: the ratio of length 
to width of petals (black), sepals (dotted), that of height to diameter of fruits 
(blank), and the long diameter of stomata (striped), obtained in natural popu- 
lations of 7. kamtschaticum. Each diagram is placed in just the position of the 
corresponding population in the map (after Samejima). 


netic homogeneity in each population ex- in each population. This is undoubtedly 

pressed by the percentage of fixed gene the chromosome mechanism influencing 

loci calculated on the basis of the N.T.C. heritable characters of mendelian popu- 

value (Samejima, 1958). lations. 
These two lines of evidence just de- 

scribed indicate clearly the existence of 

an underlying mechanism which affects The analysis of chromosome compo- 

in the same manner both chromosome _ sition in natural populations of 7. kam- 

composition and the external characters  fschaticum makes it possible to treat to- 
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gether five gene pairs, each having an 
average of four different polymeric al- 
leles. The external characters examined 
in these populations are all quantitative 
ones influenced, very probably, by poly- 
genes. Here also the genetic character- 
istics are expressed, with the aid of vari- 
ance and mean values of these characters, 
not in terms of individual gene pairs but 
in terms of the joint action of polygenes. 
Therefore, the parallelism found between 
the homogeneity of chromosome compo- 
sition and the variance of external char- 
acters (vide supra) may indicate close 
parallels between the two groups of men- 
delian factors, the one concerned with 
the homogeneity and another influencing 
the variance values, in the mechanism of 
their maintenance in each population. If 
these factors are more or less neutral and 
mutate at an approximately even rate, 
the difference in the homogeneity and the 
variance value in each population may be 
ascribed to the difference in the intensity 
of random genetic drift in each popula- 
tion. The intensity is determined by the 
size of individual populations. As indi- 
cated in table 5 the N.T.C. value of each 
population is in accord with its size. So 
also naturally are the variance values of 
the characters, which are in parallel with 
the former. These characters probably 
belong to the category not under the di- 
rect influence of selection but being in 
some manner included in compensatory 
system of adaptation (Stebbins, 1950, pp. 
143-144). 

The variations may more often be 
adaptive in direction, especially in larger 
populations. But the intensities of se- 
lection pointing for the direction must be 


weak in the above character. If one of 
the characters may perform directed 
changes under conspicuous _ selection 


pressure, discrepancy in the mode of var- 
lation among different characters may be- 
come significant, because it 1s inconceiv- 
able that whole genetic systems of an 
organisms may perform a smooth shift 
at the same time in one and the same 
direction. In actual fact, a conspicuous 
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discrepancy in the mode of variation was 
detected between the mean values in flow- 
ering time and the chromosome compo- 
sition of natural populations of this plant 
(Samejima, unpubl.). This is because 
the flowering time is the character under 
the direct influence of selection respond- 
ing to the climatic conditions and length 
of daytime in each habitat. In such a 
case of direct selection, however, com- 
pound compensatory genetic systems 
must be concerned with this apparently 
simple change, because it is accompanied 
by the change in tempo and mode of 
microsporogenesis, in sensitivity of 
PMCs to temperature changes, etc. 
(Samejima, unpubl. ). 

Stebbins (1950, pp. 145-146) consid- 
ered the role played by random genetic 
drift in natural populations of cross- 
breeding plants to be a minor one. On 
the other hand, a greater role has been 
ascribed to this agency in natural popu- 
lations of T. kamtschaticum (Haga and 
Kurabayashi, 1950; Hiraizumi, 1956; 
Kurabayashi, 1957). Selection and ran- 
dom genetic drift are mutually exclusive 
in populations with small values of Ns 
(N: population size, s: selection coef- 
ficient). In others these two factors in- 
teract as represented diagrammatically by 
Wright (cf. Dobzhansky, 1950, p. 279). 
Stebbins (1950, p. 146) inclined to deny 
the possibility of genetic drift in woody 
plants and long-lived herbs. However, it 
seems probable to the present writer that 
limitation in population size is effective 
in such herbs as Trillium because the 
fluctuation of the size along with succes- 
sion of forests may be conspicuous in 
such conditions as those realized after 
volcanic activities.® Fluctuation in size 
and development of subgrouping in nat- 
ural populations of T. kamtschaticum 
may occasionally be pronounced due to 
succession of forests under which it 
grows, to topographical and climatic con- 

9 This judgment is made on the basis of the 
present writer’s experience in Japan where cli- 
max forests are seldom met with. 
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ditions and the limited moving area of 
pollinator. 

In such circumstances, it becomes nec- 
essary to investigate the mode of cooper- 
ation of selection and drift in each popu- 
lation, taking into consideration the in- 
fluence of mutation and migration. This 
is quite a difficult task. But it seems 
possible to approach the solution by ex- 
aminations of variance and mean values 
of various characters in natural popula- 
tions of this plant in comparison with 
their chromosome composition. 

No extensive analysis of natural pop- 
ulations of Japanese Trillium other than 
T. kamtschaticum has yet been carried 
out. It was noted, however, that genetic 
variation of the parental species is re- 
flected in that of allopolyploid species 
from the time that they arise (Haga, 
1956, p. 97). Thus the chromosome 
composition of 6 X 7. hagae varies from 
locality to locality, reflecting the differ- 
ence in chromosome composition of T. 
kamtschaticum in each locality. The lo- 
cal difference of the latter is kept in the 
former in the homozygous condition and 
maintained intact among progenies of the 
former. 

The maintenance may last long so far 
as the breeding system of a polyploid 
allows it to do so. Such was the case of 
IT. tschonosku in which no variation was 
detected in the patterns of differential 
segments of chromosomes (Haga, 1956; 
Haga and Kurabayashi, 1953). Break- 
down of the homozygosity was seen in 
T. apetalon. This breakdown was of 
course accompanied by polymorphism in 
differential patterns in chromosomes. 
The polymorphism was detected among 
individuals obtained from a dozen natural 
populations of this species (Kurabayashi 
and Saho, unpubl.). However, the scale 
of variation in the patterns was far 
smaller and the frequency of homozy- 


10 Chief pollinators in native habitats are as 





follows: insects belonging to Chrysomelidae, 
Syrphidae, Chilonomidae, Oedemeridae, Scapto- 
phegidae, Anthomyiidae and Bibionidae, and 


snails (Fukuda, unpubl.). 
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gosity was far larger than that detected 
among natural populations of 7. kam- 
tschaticum. 

These two species, T. tschonosku and 
T. apetalon, judging from the mode of 
their distribution, have existed for a long 
time in the Japanese Islands (table 4). 
Accordingly, there must be mechanisms in 
natural populations of these plants oper- 
ating in favor of the maintenance of ho- 
mozygosity, admitted that they were ho- 
mozygous when they arose. Nothing 
conclusive has yet been obtained with 
respect to these mechanisms. 


The present paper is a review of the 
investigations carried out in these dec- 
ades in Hokkaido University. For the 
performance of the investigations the 
author is deeply indebted to Professor 
Tsutomu Haga, now in Kyushu Univer- 
sity, for his excellent pioneer work which 
has been followed by the present writer 
under the cooperation of the staff of his 
laboratory, notably Hiraizumi, Narise, 
K. Samejima, J. Samejima and Saho. 
All the work published by the above men- 
tioned researchers is included in this re- 
view, together with several unpublished 
results of their investigations and dis- 
cussions. Naturally, however, the com- 
plete responsibility for the factual state- 
ments and the conclusions presented in 
the review is taken by the present writer, 
except where other authors are cited. 

Finishing the paper the writer wishes 
to express his cordial thanks to Profes- 
sor G. L. Stebbins, Jr. for giving him 
invaluable criticisms and encotragement. 
The publication of this review was greatly 
facilitated by his kind help. Thanks are 
also due to Mr. Hiraizumi for his kind 
advice. 


SUM MARY 


1) All the species of Trilliaceae found 
in Japan have an identical basic chromo- 
some number, five. The chromosome 
complements of the basic sets included 
in these plants have kept their individ- 
uality in respect to the relative length, 
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position of kinetochore and homological 
relationship of each chromosome. 

2) The internal structure of chromo- 
somes of each basic set, or genome, on 
the contrary, has suffered conspicuous 
changes, which are evident from the di- 
versification of differential segments re- 
vealed under low temperature conditions 
in each chromosome, and from the occur- 
rence of inversion crossing-overs at mei- 
osis in the interspecific hybrids. 

3) The homological relationship of 
corresponding chromosomes of different 
genomes has been altered to such extent 
as to allow them to make preferential 
choice of partners on meiotic conjugation 
in hybrids and to prevent multiple asso- 
ciations in amphidiploids. 

4) Speciation by polyploidy is mark- 
edly developed in the genus Trillium, in 
which hybrid sterility is conspicuous. 
Three mechanisms of sterility, all chro- 
mosomal, were described in three inter- 
specific hybrids found in this genus. 

5) The process of speciation by chro- 
mosome doubling was described in T. 
hagae (3 X), a sterile hybrid between T. 
kamtschaticum (2X) and T. tschonosku 
(4x). It was ascertained that chromo- 
some doubling takes place after fertiliza- 
tion in the sterile F, plant. In this way 
new constant hexaploid plants are aris- 
ing at present in nature. 

6) The intergenomic differentiation is 
of course preceded by intraspecific chro- 
mosomal variations which were examined 
in detail in natural populations of T. 
kamtschaticum (2n= 10), with the re- 
sults that the variations concern with 
minute structural changes in chromo- 
somes. 

7) The structural changes, which are 
detectable in chromosomes as the varia- 
tion in patterns, or types, of differential 
segments under low temperature condi- 
tions, are distributed quite unevenly 
among the natural populations examined. 
Thus the number of different chromo- 
some types per chromosome pair 
(N.T.C.) varies from population to pop- 
ulation. 

8) The homogeneity of each natural 
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population represented by the N.T.C. 
value is approximately in accord with 
the apparent size and the isolation condi- 
tions of the population; smaller size and 
more marked isolation giving a smaller 
N.T.C. value. 

9) The mode of distribution of differ- 
ent chromosome types among natural 
populations reveals marked geographical 
diversification. Thus three population 
groups which are distributed respectively 
in different geographical regions in 
northern Japan are distinguishable on the 
basis of the difference in chromosome 
composition. 

10) There are close parallels between 
variance and mean values of external 
characters and chromosome composition 
examined in each of the populations. 
Such indicate clearly the existence of 
underlying mechanisms which affect in 
the same manner both chromosome com- 
position and external characters in each 
population. This is undoubtedly the 
chromosome mechanism influencing her- 
itable characters of mendelian popula- 
tions. 

11) Evolutionary agencies which are 
responsible for the manifestation of the 
difference in homogeneity and the geo- 
graphical differentiation among natural 
populations of JT. kamtschaticum were 
examined and discussed. 


ADDENDUM 


After this paper was put in printing, 
it was noted that our school (Haga, Kura- 
bayashi et al.) had adopted incorrect 
names with respect to two species of 
Trillium. They were corrected in the 
present paper as follows: 


Incorrect Name 
Previously Adopted 
T. smallu MAxIM. 
T. amalitle M1iyABE et TATEWAKI 
Correct Name Adopted 


in the Present Paper 


T. apetalon MAKINO 
T. smallu MAxIM. 
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INTRODUCTION 


Evolutionary relationships of allopatric 
populations are among the most difficult 
to determine. Cross-breeding tests pro- 
vide one means of evaluating the degree 
of divergence of such populations. This 
report deals with the interrelationships 
of allopatric populations currently known 
as Scaphiopus h. holbrooki (the Eastern 
Spadefoot) and S. h. hurteri (Hurter’s 
Spadefoot) as revealed by hybridization 
tests. 

Taxonomically, hurtert has been 
treated as a subspecies of S. holbrooki 
by such workers as Wright and Wright, 
1949; and Schmidt, 1953; and as a dis- 
tinct species by others, notably Strecker, 
1910; Smith, 1937; Bragg, 1945; Brown, 
1950; and most recently by Zweifel, 1956. 
With the exception of Zweifel, none of 
these workers has stated reasons for pre- 
ferring one or the other designation. On 
the basis of skull morphology and dis- 
tribution (erroneously interpreted as a 
result of a mistake in the Tulane Collec- 
tions records) Zweifel favored the spe- 
cific status of hurtert. 


METHODS 


Detailed outlines of the techniques used 
to obtain hybrid zygotes will not be dis- 
cussed here. In general, offspring were 
obtained in the laboratory either by al- 
lowing amplecting individuals to produce 
them or by extruding eggs into a sperm 
suspension (after Rugh, 1948). A few 
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crosses were obtained by artificial induc- 
tion of ovulation through injections of 
Scaphiopus pituitary glands. 

Offspring were raised through the lar- 
val stage in porcelain pans containing 
pond water, then transferred to soil filled 
tanks or cages following metamorphosis. 
Some individuals were raised to sexual 
maturity and backcrossed to the parental 
types. 


GEOGRAPHICAL DISTRIBUTION 
Scaphiopus holbrooki hurteri 


This spadefoot is known principally 
from records from eastern and central 
Texas (Brown, 1950; Texas Natural 
History Collection (TNHC) and _ per- 
sonal collection), Oklahoma _ (Bragg, 
1945), western Louisiana (Tulane Col- 
lection (TC)), and western Arkansas 
(Smith, 1937). 


Scaphiopus h. holbrooki 


According to Wright and Wright 
(1949) holbrooki ranges from West Vir- 
ginia and Ohio, down the Ohio River to 
southeastern Missouri and northeastern 
Arkansas, across extreme southeastern 
Texas, and along the Gulf and Atlantic 
coasts to Massachusetts. 

However, the writer could find no 
valid records of this form from Texas. 
The Tulane Collection contained only two 
specimens (TC 4362 and 4373) of hol- 
brooki collected in Louisiana. These 
were listed as hurtert from Zwolle, Sa- 
bine Parish on the accompanying data 
sheet. When the discrepancy in identi- 
fication was brought to his attention, 
Donald Tinkle, who was in charge of the 
collection at the time, confirmed (written 
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Distribution of Scaphiopus and Geomys in Louisiana. 





Scaphiopus 


h. holbrooki is indicated by a double circle, S. h. hurteri by a solid dot, and 


Geomys by a clear circle. 
Carnegie Museum specimen. 
by stippling (after Davis, 1940). 


communication, 1955) that an error had 
been made, and that these specimens 
should have been entered as holbrooki 
from Alton, St. Tamany Parish. Dis- 
covery of tadpoles by Ralph Axtell and 
an adult specimen (Carnegie Museum 
35289) by Neil Richmond in 1957 added 
a second locality record for holbrooki in 
that state. The latter were collected on 
the north shore of the Pushepatapa 
Creek, one mile south of Varnado, in 
Washington Parish, on State Highway 
21. Thus, the available westernmost rec- 
ord of holbrooki is from the easternmost 
tip of Louisiana, or east of the Missis- 
sippi River. The easternmost record of 
hurtert now available is from Pineville, 
in roughly central Louisiana. These 
records do not support a sympatric rela- 
tionship as indicated by Zweifel (1956). 
As Zweifel had not examined the Tulane 


Based on Smith (1937), Tulane Collection and 
General distribution of sandy soils is indicated 


specimens, he was, no doubt, unaware 
of the error in the data. 

It may be seen from figure 1 that from 
spadefoot records alone, an adequate pic- 
ture of its distribution in Louisiana 1s 
currently unavailable. But a fairly ac- 
curate prediction of the limits of its range 
appears possible, in view of the soil re- 
quirements of this form, and the proba- 
bility that other forms with similar soil 
requirements have a similar if not iden- 
tical distribution. 

As a fossorial animal, Scaphiopus is 
necessarily restricted, as are many other 
fossorial animals, to friable soils. The 
range occupied by holbrooki appears to 
coincide very nearly with flat woodlands. 
This is so especially in Florida and along 
the Atlantic coast line. Soil in this area 
is predominantly sandy. It is safe to 
assume that holbrooki is partial to areas 
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in which there is sandy soil. In Texas, 
hurtert has been found only in those 
areas of either sandy or sandy-clay soils 
(Wasserman, 1957). It appears to be 
entirely excluded from those areas in 
which there is either silt, clay, black waxy 
soil, or soil derived from calcareous par- 
ent material. 

According to Davis (1940), pocket 
gophers of the genus Geomys are partial 
to sandy or friable soils. “Black or clay 
soils are not a favorable habitat for them 
and these soils check their spread as fre- 
quently as do large rivers.’”’ Thus, the 
fossorial animals holbrookt, hurteri and 
Geomys appear to have very similar, if 
not identical, soil preferences. We should 
therefore expect the geographic ranges 
of Scaphiopus and Geomys in Louisiana 
to be very nearly coincident. An exami- 
nation of the range of the latter (Davis, 
1940) shows a considerable break in dis- 
tribution along the Mississippi Valley 
(fig. 1). This same hiatus may be found 
between Pituophis melanoleucus ruthvent 
and P. m. lodingi (Conant, 1956), and in 
the distribution of the loblolly and short- 
leaf pine (U. S. Yearbook of Agriculture, 
1949). Both trees are restricted to sandy 
soils. The soil in the vicinity of the Mis- 
sissippi Valley is a hard packed alluvial 
deposit, commonly of fine texture, or silt- 
like or clayey (U. S. Yearbook of Agri- 
culture, 1938). This would constitute an 
effective barrier to digging animals such 
as Scaphiopus and Geomys. It thus ap- 
pears that the Mississippi Valley separates 
hurtert from holbrookt. 

Evidence is lacking, but inferences 
drawn from a study of other animal 
groups (W. F. Blair, 1951) point to a 
Pleistocene separation in the holbrookt- 
hurteri complex. Fossil Scaphiopus is 
known (Romer, 1950; Zweifel, 1956) 
from lower Pliocene formations. Popu- 
lations genetically similar or ancestral to 
holbrooki could have been continuously 
distributed along the southeastern coastal 
regions in the Pleistocene. Climatic 
shifts (Deevey, 1949) may have re- 
sulted in a retreat of these spadefoots 
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into Florida and Mexico, or southern 
Texas. With a return to more favorable 
climates during the Pleistocene, the an- 
cestral holbrooki complex would then have 
extended its range northward. Intermit- 
tent melting of glaciers resulted in a 
burdening of the Mississippi drainage 
system with a discharge very much 
greater than at present (Flint, 1947). It 
is logical to assume that this constituted 
an impassable barrier to Scaphiopus as 
well as other fauna. It is suggested, then, 
that Pleistocene isolation of Scaphiopus 
by climatic shifts, which was subsequently 
maintained by the Mississippi River with 
its hardpacked alluvial deposits, initiated 
the divergence of the two populations into 
the present hurteri and holbrookt. 
Pleistocene separation of Peromyscus 
leucopus and P. gossypinus has been sug- 
gested by Mayr (1942). This also seems 
to be true of Crotalus (Gloyd, 1940). An 
excellent discussion of Pleistocene isola- 


tion of vertebrates is given by W. F. 
Blair (1951). 


Cross BREEDING TESTS 


Stocks of holbrooki were obtained from 
Gainesville, Florida, and those of hurteri 
were collected mostly near Austin, Texas. 
Both tests were made, 1.e., hurtert female 
with holbrookt male, and the reciprocal. 
Egg counts and observations of these 
crosses were compared with controls 
(zygotes obtained from a pair of either 
holbrooki or hurtert individuals) to de- 
termine the percentage of fertility and 
offspring viability. All animals were 
raised through metamorphosis to a size 
of approximately 20 mm in snout-vent ' 
length. Some of these were then raised 
to sexual maturity to be tested similarly 
in backcrosses to the parental types. 
Both of the crosses will be discussed in- 
dividually from fertilization of the egg 
to backcross of the resulting offspring. 


hurtert 2 X holbrooki g 


This combination was made with 9 
pairs of spadefoots. The hurtert were 
collected at Utley, Bastrop County, Texas 
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Fic. 2. 
aspect. 
3). C. S.h. hurteri. 


in 1952, Bastrop, Bastrop County in 1953, 
and Elgin, Bastrop County in 1954 and 
1955. In the 1952 experiments 4 pairs 
were allowed to clasp in the same pan, 
and the resulting zygotes were considered 
in toto. Results of this and subsequent 
experiments are summarized in table 1. 
Low viability for the 1952 experiment and 
failure of the first of the 1954 tests are at- 
tributed to incomplete and no fertilization 
respectively. In all others fertilization 
was accomplished artificially. The two 
1953 tests and the second 1954 test are 
believed to have been performed under 
optimal conditions. From these experi- 


ments a mean viability of 78% is ob- 
tained for this cross. 





A. Scaphiopus h. holbrooki. 


Skulls of parent forms and hybrid in dorsal and lateral 


B. F, (hurterit 2 X holbrooki 


Approximately 2. 


Anomalies were detected only in the 
1954 set. Here, approximately 5% of 
the larvae were found to be anomalous 
in the external gill stage. Runts in the 
feeding stage were more common than is 
usual for this cross. At metamorphosis 
an interesting abnormality was discovered. 
Approximately 10% of the tadpoles had 
stunted forelimbs and reduced digits. All 
of the latter had eyes which did not seem 
as fully developed as the apparently nor- 
mal animals. Whether anomalies in this 
experiment were the result of genetic ex- 
pression or environmental factors is un- 
known. 

Morphology of the F,: Characters of 
the tadpole and adult F, are rather inter- 
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mediate between those of the parental 
types with perhaps a shade of inclination 
toward the maternal (/urter1) parent in 
some traits. The inter-orbital region of 
the adult, for example, is slightly raised 
to form a boss, which is less distinct than 
in hurtert. In pattern, body coloration, 
and configuration of the skull bones (fig. 
2), the F, tends to resemble the hurteri 
parent somewhat more closely than the 
holbrooki parent. 

Skulls of most F, individuals show a 
pair of foramina each just lateral to the 
foramen magnum. These are absent in 
both parental types. In holbrooki, and 
to a lesser degree in hurteri, a ridge ex- 
tends ventro-laterally from the fronto- 
parietal region along the lateral edges of 
the occipital bones. In the F, this ridge 
is lacking. 

Fertility of the F,: Three tests were 
made of the fertility of the F,. Results 
of these and other backcrosses are sum- 
marized in table 2. One male was used 
in a cross to a holbrooki female in which 
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ovulation was artificially induced. Anom- 
alies and failures are believed attributable 
to egg imperfections. 

As indicated by the control, many of 
the eggs used in the second. backcross 
were inviable, probably a result of their 
remaining in the oviduct several hours 
after the time they would normally have 
been released. Combined results of all 
tests indicate that the F, male suffers 
little, if any, impairment of fertility as 
a result of its hybrid origin. This ap- 
pears to be true of the F, female as well. 
For this test a single female was crossed 
to hurteri by leaving the pair in a jar in 
the midst of a strong hurtert chorus for 
approximately 7 hours. 

Sets of all the aforementioned back- 
cross individuals were raised beyond meta- 
morphosis to an average snout-vent length 
of 20 mm, at which time all were pre- 
served. Comparison of pattern and col- 
oration of backcross products with hurtert 
and holbrooki of similar size and age in- 
dicated that backcrosses resulting from 












































TABLE 1. Results of reciprocal crosses between Scaphiopus H. Holbrooki and 
Scaphiopus H. Hurteri and controls 
hurteri 2 X holbrooki 3 hurteri Q X hurteri 3 
Be 7 of ss) 
2 ° 32 v ° 98 
¥ y % ~ os v i be 7S 
_— = S . aa > = z ae aw > 
3 be ee 8060S = Fo = Se 23 = 
£ 3 SF $8 3 - 3 << $88 3 
~ - Ze aze 5& = - Ze aze §& 
1952 N* 365 291 74 20% N 146 30 116 79% 
1953 A 43 8 35 72% A 43 13 30 60% 
A 172 46 136 79% N 43 0 43 100% 
1954 N* 2000 2000 0 — N 328 23 305 93% 
A 379 52 327 83% A 96 7 89 92% 
1955 A 401 232 169 43% A 153 50 103 67% 
holbrookit 2 X hurteri & holbrooki 9 X holbrooki & 
1952 N* 300 300 4 — — — — — — 
1955 A 70 6 64 91% A 238 20 218 92% 
A 198 122 76 38% — — — — — 
1956 N 1555 637 918 60% - — — — a 
N 466 108 358 76% — — — — — 





Counts were made approximately 30 to 48 hours after fertilization. 


under ‘‘Developed to Neurula-tailbud”’ column. 








Anomalous larvae are included 


N indicates natural, A indicates artificial technique. 


* At least one of parents unexposed to a breeding chorus prior to breeding. 
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TABLE 2. Results of backcrosses 














Backcross Control 
a uo) a. ee) 
8 z 2 z 
> s = bd 2 = 
" Backcross 2 = 3 3s 2 = 2 Abed 
: nn ea Oo ae —- 8 @ BF 2 
= & a8 <2 $ & es «8 <8 & 
Male 1 holbrooki 283 14 19 250 88% 185 11 7 167 90% 
Male 2 hurteri 95 55 0 40 42% 153 50 0 103 67% 
Female 1 = hurteri 998 290 0 708 71% 254 94 0 160 63% 
Male 3 hurteri 350 81 0 269 76% — — — — — 





Males 1 and 2 and Female 1 were hurteri 2 X holbrooki & hybrids; Male 3 was a holbrooki 2 X 


hurtert & hybrid. 


In the first two experiments the artificial technique was used; in the last two the animals were 
exposed to a breeding chorus for several hours and allowed to clasp and breed. 


male F, to hurteri resemble hurteri most 
closely, and those resulting from male 
F, to holbrooki resemble holbrooki most 
closely. Backcross individuals resulting 
from the female F, with male hurteri were 
indistinguishable from hurtert. 


holbrooki 2 X hurtent J 


This cross was difficult to obtain, as 
breeding swarms of holbrookt were in- 
accessible. From the results of the 1952 
test it is obvious that either the eggs were 
inviable or fertilization was incomplete. 
All of the remaining tests with the ex- 
ception of the second of the 1955 crosses 
were conducted under optimal or near 
optimal conditions. Although lack of 
controls for all but one of the tests dictates 
that caution be used in the evaluation of 
results, indications are that a fairly high 
percentage of interfertility may be ex- 
pected in holbrooki-hurteri crosses made 
either way. 

Morphology of the F,: The F, tad- 
poles and adults resemble those of the re- 
ciprocal cross. However, in sexually ma- 
ture males of this cross, coloration simu- 
lates holbrooki more closely than hurtert. 
These individuals exhibit a distinct pat- 
tern and ground coloration suffused with 
a bright yellow, which is one of the sec- 
ondary sex characters. 


Fertility of the F,: As indicated by the 
results in Table 2 of the single backcross 
test of a male F, to female hurteri, fer- 
tility of the offspring of this cross 1s 
virtually unimpaired. 

Thus, the combined results of crosses 
and backcrosses between /olbrookt and 
hurteri indicate a slight decrease in fer- 
tility as compared with controls. 


DISCUSSION 


As noted earlier, in resolving their 
taxonomic status Zweifel (1956) placed 
prime importance on skull differences 
between these spadefoots. Certainly, the 
fronto-parietal bone is quite distinct in 
the two forms. It is often tempting to 
seize on such morphological differences 
as the ultimate criterion. But studies of 
this nature demand also an appraisal of 
the similarities, and not morphological 
alone, shared by two related forms. In 
external appearance, apart from the char- 
acter of the interorbital boss, present in 
hurtert, lacking in holbrooki, the two are 
quite similar. Occasionally, hurtert indi- 
viduals may be found in which the boss 
is weakly developed or virtually non- 
existent. Distinguishing these and ju- 
veniles from /olbrooki individuals of com- 
parable size may be quite difficult. 

A. good indication of genes held in com- 


at, iafhf Ay £4 
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mon is the degree of interfertility, and 
offspring fertility as determined by labora- 
tory crosses. Again, it is understood that 
this information is useful when viewed in 
proper perspective and not regarded as 
the most significant and decisive test. As 
indicated by the foregoing data, there is 
a high degree of interfertility between the 
two forms and hybrid fertility is virtually 
unimpaired. From this it is obvious that 
in the absence of other natural isolation 
mechanisms, interbreeding between ad- 
jacent populations of the two would not 
be unlikely. 

As shown by available data we are 
probably dealing with allopatric popula- 
tions in Louisiana. We are, therefore, 
interested in whether interbreeding would 
occur if the two were sympatric. 

A review of the factors affecting breed- 
ing in either form suggests nothing which 
could conceivably operate as an obstacle. 
Similarity in the ecological affinities of 
holbrookt and hurterit has already been 
discussed. 

In many anurans, differences in call is 
believed to be an important isolating mech- 
anism (W. F. Blair, 1955). Bragg 
(Wright and Wright, 1949) is of the 
opinion that there are differences in the 
calls between these spadefoots. But to 
this writer, their calls sound identical. 

Breeding time for both depends entirely 
on torrential rains and mild temperatures ; 
this, then, would present no obstacle to 
interbreeding. 

Presence or absence of intergradation 
is held by some to be the decisive factor 
in determining the taxonomic status of 
genetically similar but allopatric popula- 
tions. But as pointed out by Mayr (1942) 
and Chapman (1924) to follow such a 
course “is often biologically incorrect and 
misleading.” Chapman (op. cit.) cites 
similar examples in birds and concludes 
that to rank these as species “results in 
the adoption of nomenclature which to an 
extent conceals their origin and relation- 
ships.” 

It thus seems that to regard hurterit as 
a subspecies of holbrooki would best serve 
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to demonstrate the close relationship of 
the two as it is presently known. 


SUMMARY 


The restriction of Scaphiopus to friable 
soils, and the distribution of these soils 
in Louisiana, suggest that the similar 
forms holbrookt and hurtert are geo- 
graphically separated from one another in 
the Misissippi Valley by a soil barrier. 
Evidence from laboratory crosses indi- 
cates that evolutionary divergence has not 
progressed sufficiently to seriously im- 
pair interfertility. On the basis of the 
combined data, the rank of subspecies is 
deemed most useful as a description of 
the close relationship of hurteri and hol- 
brook. 
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INTRODUCTION 


Several diploid species of Clarkia (Ona- 
graceae) have very limited areas of distri- 
bution (Lewis and Lewis, 1955). Most 
of these grow adjacent to or are sur- 
rounded by other closely related species 
that resemble them so closely that they 
would ordinarily be regarded as _ con- 
specific. Specific status is accorded to 
them because of reproductive isolation 
coupled with at least one consistent dif- 
ference in external morphology. This 
pattern recurs with sufficient constancy to 
suggest that the various examples have a 
common explanation, with similar factors 
operating in each instance. This pattern 
suggests to us a rapid shift of the adaptive 
mode, such as Simpson (1944) termed 
quantum evolution, at the diploid specific 
level. The purpose of this paper is to 
illustrate this process by a consideration 
of the mode of origin of a narrow serpen- 
tine endemic, Clarkia franciscana Lewis 
and Raven (1958). 


SPATIAL RELATIONSHIP, BREEDING Hapirt, 
AND MoRPHOLOGICAL DIFFERENTIATION 


Clarkia franciscana is comprised of a 
single population on a serpentine outcrop 
just south of the Golden Gate in the 
Presidio in San Francisco, California. 
Two morphologically similar species, C. 
rubtcunda and C. amoena, occur close by 
(fig. 1). Colonies of the former are 
found along the coast and in the valleys 
of the Coast Ranges from northern San 
Luis Obispo County to just north of San 
Francisco Bay in Marin County. Clarkia 
franctscana occurs, therefore, as an en- 
clave within the area of distribution of C. 
rubicunda but does not grow intermixed 
with it. The closest colony of C. rubi- 
cunda is now at Point Lobos, San Fran- 


Evo.LuTIon 12: 319~—330. 


September, 1958. 
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cisco, 3.5 miles away from the population 
of C. franciscana, although it is possible 
that the two species may have been some- 
what closer before construction in the 
Presidio. Clarkia rubicunda and C. 
amoena replace each other in central 
Marin County with scarcely any overlap, 
and the distribution of the latter continues 
northward along the coast and in the 
coastal mountains to Vancouver Island. 
Both C. rubicunda and C. amoena occa- 
sionally occur on serpentine, the former 
more frequently, perhaps because of the 
more common occurrence of serpentine 
within its range. However, neither of 
these is characteristically a serpentine 
species. 

The three species are morphologically 
so similar that were it not for the pres- 
ence of very strong barriers to gene ex- 
change between them they would un- 
doubtedly be considered conspecific. As 
living plants they are readily distin- 
guished, however, by the color pattern 
and conformation of the petals. Clarkia 
amoena differs from the other two by a 
red spot in the center of the petal rather 
than at the base, and C. franctscana is 
distinguished from C. rubicunda by a 
more slender habit and smaller flowers 
with truncated petals (for details see 
Lewis and Raven, 1958). Ali three have 
the same chromosome number (n=7). 
The closeness of the relation between C. 
amoena and C. rubicunda is suggested by 
mutants that occur in C. rubicunda that 
simulate the petal color pattern of C. 
amoena and mutants in both species that 
remove the petal spot (Hiorth, 1940). 
In the absence of petal spots as indicators, 


1 Hiorth and MHakansson used _ the 
Godetia amoena for C. rubicunda and G. 
neyt for C. amoena. 
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whit- 
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Fic. 1. 
in California. 
couver Island. 


the two species are indistinguishable ex- 
cept by test crosses. The specific status 
of these two taxa is shown, however, not 
only by the extensive study of their hy- 
brids by Hiorth (1942, 1947) and Hak- 
ansson* (1947), but also by sympatric 


Distribution of Clarkia amoena, C. rubicunda, and C. franctscana 
The distribution of C. amoena extends northward to Van- 


occurrence in nature. Only one mixed 
colony has been found (on the road to 
Meadow Club, 1.5 miles south of Fair- 
fax, Marin County, Raven 11002, 11003, 
11004) and at this site C. rubicunda was 
far more abundant than C. amoena. Only 
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two hybrids were found, perhaps because 
of the infrequency of one of the parental 
species. These hybrids had petals with 
both a basal and central spot like the ar- 
tificially produced F, hybrids and were 
apparently sterile. Visibly good pollen * 
was 2.8 per cent in the plant examined, 
which is comparable to that of F, hybrids 
grown in the garden (Hiorth, 1942). 

Both C. rubicunda and C. amoena are 
protandrous and normally outcrossed by 
various native bees (except for an autoga- 
mous subspecies of C. amoena on the 
coast of Oregon and Washington). They 
are, however, self-compatible, like all spe- 
cies of Clarkia. On the other hand, C. 
franciscana is facultatively autogamous 
and self-pollination is undoubtedly the 
rule, although this species is also visited 
by bees. 

Clarkia rubicunda and C. amoena oc- 
cur in more or less discrete colonies vary- 
ing in size from a few individuals to many 
thousands and separated by a few feet or 
as much as several miles. This colonial 
habit greatly restricts or effectively pre- 
vents gene exchange between colonies of 
the same species for indefinitely long pe- 
riods of time. The size of the colonies 
may fluctuate from year to year. Our 
observations on C. franciscana indicate 
as many as 4000 individuals one year and 
as few as 600 another. 

Clarkia franciscana is morphologically 
very uniform, as would be expected from 
its breeding habit and restricted distribu- 
tion. In contrast, C. rubicunda and C. 
amoena are variable species comprised 
of modally recognizable geographic races 
that have been recognized formally as 
subspecies, two in C. rubicunda and five 
in C. amoena (Lewis and Lewis, 1955), 
as well as many locally differentiated pop- 
ulations which have not been accorded 
formal taxonomic recognition. 


2 Per cent of visibly good pollen given in this 
paper has been determined by examination of 
600 grains from three buds stained in cotton 
blue in lactophenol. 
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CHROMOSOME ARRANGEMENTS AND IN- 
TRASPECIFIC FERTILITY 


Different chromosome arrangements as- 
sociated with high levels of sterility have 
invariably accompanied speciation in 
Clarkia and are frequently found within 
species (Lewis, 1953a). Consequently, 
we have examined meiosis in microsporo- 
cytes of wild individuals of the three spe- 
cies concerned, hybrids between popula- 
tions of C. rubicunda, and interspecific 
hybrids in all combinations, to determine 
the kind and degree of chromosomal dif- 
ferentiation at each level. In addition, 
the extensive observations of Hakansson 
(1942, 1947) on meiosis in hybrids within 
and between C. rubicunda and C. amoena 
have been used to supplement our own 
data. Squash preparations of micro- 
sporocytes were used for all of our ob- 
servations. 

Meiosis was examined in five plants 
of C. franciscana grown from wild seed. 
These showed no meiotic irregularities of 
any kind and regularly formed 7 bivalents 
(fig. 2A). Although the sample is small, 
we have no doubt that this species has 
only one chromosome arrangement, be- 
cause the population is self-pollinated and 
phenotypically uniform. All individuals 
have consistently set full complements of 
seeds and have had essentially 100 per 
cent visibly good pollen. 

Meiosis in C. rubicunda was examined 
in a total of 28 plants from 7 wild popula- 
tions. Like C. franciscana, these showed 
no meiotic irregularities and regularly 
formed 7 bivalents. Hakansson (1941, 
1942) found the same regularity in prog- 
enies of this species grown from wild 
seeds from 6 additional populations. 
Taken together, these data suggest that 
any given population of C. rubicunda is 
characterized by one arrangement, but 
do not indicate whether all populations 
have the same arrangement. However, 
we have examined hybrids between 5 
different populations and these hybrids 
have consistently shown regular bivalent 
pairing with no meiotic irregularities (fig. 
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Meiotic configurations in microsporocytes of the species and hybrids indicated. 
A. Clarkia franciscana, first metaphase showing 7 pairs. 


B.C. 


rubicunda (Palo Alto) X C. rubicunda (Stinson Beach), first metaphase showing 7 pairs. 
C. C. rubicunda (Mt. Hamilton) X C. francitscana, first metaphase showing a chain of 5, a 


chain of 3, 2 pairs, and 2 unpaired chromosomes. 


and 3 pairs. 
bridges and two fragments. 


D. Same, showing a chain of 5, a chain of 3, 


E. C. rubicunda (Stinson Beach) X C. franciscana, first anaphase showing two 
F. C. amoena (Tocaloma) X C. rubicunda (Palo Alto), first ana- 


phase showing two bridges, two fragments, and a lagging chromosome. 


2B). These observations also parallel 
those of Hakansson (1942, 1947) for hy- 
brids between 4 different populations 
(other than those we have sampled), in- 
cluding hybrids between the coastal and 
interior subspecies. These 9 populations 
used for hybridization have come from 
localities distributed throughout most of 
the range of the species. The fact that 
no structural differences have been de- 
tected in any of the hybrid combinations 
leads us to believe that the entire species 
is probably characterized by a single chro- 
mosome arrangement. Commensurate 
with the chromosomal uniformity, all in- 
dividuals of C. rubicunda that we have 
examined have been highly fertile. This 


has been true of all F, hybrids between 
populations as well as of plants grown 
from seeds collected in the wild (Lewis 
and Raven, 1958). 


Clarkia amoena, on the other hand, is 
chromosomally diverse, particularly with 
respect to differences in arrangement of 
chromosome arms resulting from recipro- 
cal translocation. Hakansson (1942) ex- 
amined a total of 65 plants grown from 
seeds collected from 21 wild populations 
distributed throughout most of the range 
of the species. Of these, he found 30 that 
were structurally homozygous and regu- 
larly formed 7 pairs and 35 that were 
heterozygous for at least one rearrange- 
ment. All rearrangements observed were 
translocations except for one _ possible 
paracentric inversion. ‘The translocation 
heterozygotes were of three sorts: (1) 
plants that regularly formed rings of 4, 6, 
8, 10 or 12, which separated at first ana- 
phase in a regular alternate manner; (2) 
plants that form a chain of 3 and one uni- 
valent at first metaphase, rather than a 
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ring of 4; and (3) plants with 13 chro- 
mosomes, being heterozygous for one 
genome of 6 chromosomes and one of 7. 

Plants in the first category with rings 
of 4 or 6 are found throughout much of 
the range of the species, but larger rings 
have been found only in a relatively lim- 
ited area in Humboldt County, California, 
toward the center of the range of the spe- 
cies. The ring-forming heterozygotes 
are usually highly fertile; however, some 
arrangements are apparently associated 
with lethals. Balanced lethal systems in- 
volving rings of 6 are known in garden 
races (Hakansson, 1942) and comparable 
systems may obtain in the wild although 
the evidence is not conclusive. 

Heterozygotes that form a chain of 3 
and a univalent have been found in this 
species in two rather widely separated 
areas (northern Oregon and central Cali- 
fornia). They are also prevalent in sev- 
eral other species of Clarkia and have re- 
cently been observed in Oenothera dentata 
(Lewis et al., 1958). The reason for the 
widespread occurrence of asynapsis of 
this particular sort is obscure, particularly 
since individuals homozygous for the al- 
tered arrangement frequently do not sur- 
vive or are abnormal and sterile in C. 
amoena (Hakansson, 1944). There can 
be no doubt, however, that rearrange- 
ments producing this peculiar asynaptic 
effect in heterozygotes have occurred 
independently in several species and at 
least twice in C. amoena. 

Genomes of six chromosomes, rather 
than the normal seven, have been found in 
five populations in central and northern 
California (Hiorth, 1948). These gen- 
omes are the result of translocations 
whereby most of one chromosome has 
been transfered to others followed by the 
loss of a relatively inert chromosome rem- 
nant (Hakansson, 1946). Hiorth and 
Hakansson have found that individuals 
homozygous for these genomes of six 
either do not survive or are highly sterile 
and show a varying but often extreme de- 
gree of asynapsis. Hybrids combining 
genomes of six from different populations 
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are generally more normal in development, 
but meiosis is variously asynaptic, making 
a direct comparison of the homologies of 
the various genomes of 6 very difficult. 
However, the presence of heteromorphic 
bivalents and chain associations in these 
hybrids with 12 chromosomes indicates, 
with one exception, that these genomes of 
6 are not of the same origin, or that the 
arrangement of chromosomes has been 
appreciably modified since their common 
origin. The exception is found in the 12 
chromosome hybrids combining genomes 
of 6 from two localities about 25 miles 
apart (Tocaloma and Santa Rosa). 
These hybrids, although somewhat asyn- 
aptic, frequently had 6 pairs of chromo- 
somes and were fairly fertile. 

A bridge with an accompanying frag- 
ment, suggestive of crossing over within 
a heterozygous paracentric inversion, was 
found by Hakansson (1942) in one mi- 
crosporocyte of one individual from Hum- 
boldt County. Because no other bridge- 
fragment configurations were observed, 
he has suggested that an inversion may 
have occurred in the anther in which the 
bridge-fragment was observed. How- 
ever, this plant was also heterozygous for 
a genome of 6, which when homozygous 
is highly asynaptic. Consequently, chro- 
mosome association or the pattern of chi- 
asma formation in this particular heterozy- 
gote may essentially preclude all crossing- 
over in a particular inverted region. The 
only other evidence of an inversion in C. 
amoena is in a hybrid between a plant 
from Kelso, Washington and one from 
Wildcat Road, Humboldt County, Cali- 
fornia. A single bridge with accompany- 
ing fragment was frequently seen at first 
anaphase in this hybrid, leaving no doubt 
that the parents differed by a paracentric 
inversion. Other individuals in the same 
progeny, however, showed no evidence 
of an inversion, indicating that one of 
the parents was heterozygous for the in- 
version. Consequently, the two popula- 
tions do not differ consistently by an in- 
version. 

The greatest frequency of structural 
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heterozygosity and the largest number of 
arrangements in wild populations of C. 
amoena are found in Humboldt County, 
California, and these same populations 
also show the greatest variation in fer- 
tility, as measured by visibly good pol- 
len. For example, in a progeny grown 
from seeds collected at Shelter Cove in 
Humboldt County, Hiorth (1942) found 
differences in visibly good pollen that 
ranged from a mean of 96 per cent in some 
individuals to as low as 22 per cent in 
others. Other progenies from Humboldt 
County showed almost as great a varia- 
tion. Unfortunately, however, the fer- 
tility data of Hiorth and the cytological 
observations of Hakansson can not be 
compared on a plant by plant basis. 

Hybrids between populations of C. 
amoena totaling 44 individuals from 18 
different hybrid combinations, involving 
15 populations, were examined by Hak- 
ansson (1942). In addition, he exam- 
ined many hybrids between wild and gar- 
den races. These hybrids indicate that 
one chromosome arrangement, designated 
a by Hakansson (a by Hiorth), is preva- 
lent throughout the range of the species. 
This arrangement accounts for most of 
the structural homozygotes and is usually 
present as one of the arrangements in 
structural heterozygotes. This same ar- 
rangement a, in combination with a gen- 
ome of Clarkia lassenensis (Eastw.) 
Lewis and Lewis, has given rise to the 
allotetraploid species Clarkia gracilis 
(Piper) Nels. and Macbr. (Hakansson, 
1942, as Godetia nutans; Lewis and 
1955). All other arrangements 
found in C. amoena are apparently local 
and are found primarily, and in some 
cases exclusively, as heterozygotes. 

The fertility of interpopulational hy- 
brids of C. amoena is generally high, even 
in crosses between the various subspecies 
(Hiorth, 1942), with two notable excep- 
tions. Hybrids involving individuals 
from Humboldt County populations often 
show a marked and significant reduction 
in fertility, whether crossed to one another 
or to individuals from distant areas. To 
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a somewhat lesser extent, the same is true 
of hybrids involving plants from the vicin- 
ity of Springfield, Oregon. However, 
the Humboldt populations, as indicated 
above, are notably variable in chromosome 
arrangement and in fertility, and the same 
is apparently true to some extent in the 
Springfield population (Hiorth, 1942). 
In no instance was an interpopulational 
hybrid found to be as sterile as some of 
the individuals grown from wild seeds 
collected in Humboldt County. 

In summation, then, Clarkia amoena is 
a widespread species that is chromo- 
somally variable but which, at the same 
time, is characterized by one arrangement 
that occurs as a common element through- 
out the species. In addition it carries an 
undetermined number of arrangements 
that differ from the standard arrange- 
ment (a) by one or more translocations. 
But these arrangements are local and a 
number of them are lethal or sterile as 
homozygotes and form heterozygotes with 
reduced fertility. The prevalence of these 
arrangements suggests, however, that they 
may have an adaptive value in the genetic 
system. Individuals are occasionally 
found that are heterozygous for a para- 
centric inversion but these are apparently 
very rare and, consequently, probably do 
not play an important role in the genetic 
system. In contrast to C. amoena, C. 
franciscana and C. rubicunda are each 
characterized by a single chromosomal ar- 
rangement. 


INTERSPECIFIC HyBRIDS 


Interspecific hybrids between Clarkia 
franciscana, C. rubicunda and C. amoena 
were made in all combinations in order 
to determine the fertility of the hybrids 
(Lewis and Raven, 1958), and especially 
to study chromosome homologies and 
differences in chromosome arrangement 
as indicated by meiotic pairing in micro- 
sporocytes of the hybrids. All of the F, 
hybrids are highly sterile and we have 
grown no subsequent generations. Ref- 
erence to hybrids refers, therefore, to the 
F, in every instance. 
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TABLE 1. Metosis in microsporocytes of hybrids between Clarkia franciscana 
and Clarkia rubicunda 
Configurations at first metaphase * 
Number of 
Chain of 5 Chain of 4 Chain of 3 Bivalents Univalents cells 
1 1 3 42 
1 1 2 2 11 
1 1 1 4 1 
1 4 1 23 
1 3 3 4 
| 2 5 2 
1 1 3 1 1 
l 1 2 3 1 
1 5 2 
1 4 2 1 
2 4 13 
2 3 2 9 
2 2 4 1 
1 5 1 8 
Frequency of bridges at first anaphase 
Number of bridges with Number of 





accompanying fragments cells 
0 34 
1 31 
2 13 
3 a 
+ 1 





* Numbers indicate frequency of indicated configurations. 


Hybrids between C. francitscana and C. 
rubicunda have been obtained using plants 
from four different wild populations of 
the latter species. No differences were 
observed between reciprocal crosses. In- 
asmuch as all C. rubicunda plants used as 
parents were homozygous for the same 
chromosome arrangement and the C. fran- 
ciscana plants were homozygous for an- 
other arrangement, meiosis was expected 
to be comparable in all of the hybrids, as 
indeed it was. We have, therefore, com- 
bined observations from six different 
progenies in preparing the summary 
shown in table 1. 

The maximum association of chromo- 
somes at meiotic first metaphase in the 
hybrids between C. franciscana and C. 
rubicunda, as well as the most prevalent 
association, is a chain of 5, a chain of 3, 
and 3 pairs (fig. 2D), indicating that the 


parental genomes differ by at least three 
large translocations involving four pairs 
of chromosomes. The maximum pos- 
sible association may be a ring of 8 and 
3 pairs, not realized in our observations. 
The genomes of C. franciscana and C. 
rubicunda also differ by at least four para- 
centric inversions, as indicated> by four 
bridges and four accompanying fragments 
at first anaphase in the same cell. As 
shown in table 1, first anaphase bridges 
with fragments (fig. 2E) were observed 
in more than half of the cells. No double 
bridges and no second anaphase bridges 
were observed, indicating that double 
crossing-over does not ordinarily occur 
within chromosome arms_ heterozygous 
for inversions. 

Additional undetected structural dif- 
ferences are probably present and, to- 
gether with those observed, may account 
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for the frequent occurrence of associations 
of chromosomes less than the maximum. 
By an examination of table 1, we see that 
the five chromosomes that formed a chain 
of 5 in 71 per cent of the cells formed a 
chain of 3 and a pair in 14 per cent, a 
chain of 3 and 2 univalents in 8 per cent, 
2 pairs and a univalent in 5 per cent, and 
a chain of 4 and a univalent in about 2 
per cent of the cells examined. The three 
chromosomes that formed a chain of 3 in 
73 per cent of the cells were found as a 
pair anda univalent in 23 per cent of the 
cells and as 3 univalents in 4 per cent. 
The six chromosomes that formed 3 pairs 
in 85 per cent of the cells appeared as 2 
pairs and 2 univalents in 14 per cent of 
the cells (fig. 2C) and as 1 pair and 4 
univalents in one cell. The mean fre- 
quency of univalents at first metaphase 
is 0.9 per cell. This observed variation 
in chromosome association, probably 
caused in large measure by structural 
differences, undoubtedly accounts for 
much, and perhaps all, of the sterility of 
the hybrids. 

The sterility of the hybrids between C. 
franciscana and C. amoena probably has 
a similar basis. Unlike C. rubicunda, C. 
amoena is chromosomally highly variable, 
as indicated above. We therefore selected 
parental plants that regularly formed 7 
bivalents. Two plants of C. amoena from 
different populations were used and these 
may have been homozygous for different 
arrangements because the two progenies 
showed different chromosome associa- 
tions. One hybrid combination, in which 
the C. amoena parent came from eastern 
Humboldt County, California, formed a 
chain of 5, 4 pairs, and an unpaired chro- 
mosome as the maximum and most fre- 
quent association. The other hybrid com- 
bination, in which the C. amoena parent 
caine from Willets, Mendocino County, 
California, formed a maximum associa- 
tion of a chain of 4 and 5 pairs, although 
the most frequent association was 6 pairs 
and 2 unpaired chromosomes. 

The variation in chromosome associa- 
tion in these hybrids is comparable to that 
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described for hybrids between C. fran- 
ciscana and C. rubicunda, and the mean 
frequency of univalents is 2.1 per cell, 
which is more than twice as great as in 
the hybrids between C. franciscana and 
C. rubicunda. This suggests that the 
genomes of C. franciscana and C. amoena 
may differ by a great many individually 
undetected rearrangements that interfere 
with chromosome pairing and chiasma 
formation. These genomes do differ by 
at least two paracentric inversions, as is 
indicated by two bridges with accom- 
panying fragments in the same first ana- 
phase cell, but many more inversions 
may be concealed by the reduced pairing 
in the hybrid. 

Hybrids between C. amoena 
rubicunda have been studied by a num- 
ber of investigators who have consist- 
ently found them to have very low fer- 
tility (Rasmuson, 1921; Chittenden, 
1928: Hiorth, 1942; Lewis and Raven, 
1958). Meiosis in these hybrids has 
been described several times (Chittenden, 
1928; Hakansson, 1931, 1942, 1947). 
The observations have varied in detail 
even in hybrids involving the same com- 
bination of genomes. For example, mei- 
osis in a hybrid between C. rubicunda 
from a wild population and a garden 
race of C. amoena homozygous for the a 
arrangement has been described by Hak- 
ansson (1942) as often having 7 pairs, 
although far more frequently having 6 
pairs and 2 univalents or 5 pairs and 4 
univalents. No multivalents were ob- 
served. However, in the same cross he 
later (Hakansson, 1947) observed a 
chain of 5 in some cells, a ring or a chain 
of 4 in some, a chain of 4 and a chain of 
3 in others, and frequently two chains of 
3. Inversion bridges were only rarely 
observed. On the basis of the observa- 
tions of Hakansson, Hiorth (1947) has 
suggested that the maximum expected 
association of chromosomes between C. 
rubicunda and the a arrangement of C. 
amoena is a ring of 6 plus a ring of 4 
and two pairs. 

We have examined 


and C. 


one progeny of 
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hybrids between C. amoena from Willets, 
Mendocino County, California, and C. 
rubicunda from Lands End, San Fran- 
cisco. Since both of the parents were 
structural homozygotes that regularly 
formed 7 pairs at meiosis, the hybrids 
would be expected to be equivalent in 
respect to chromosome association. We 
found chromosome association to be 
highly variable within any one plant, as 
was true of C. franciscana X C. rubi- 
cunda and C. amoena X C. franciscana. 
However, of the two plants examined in 
detail, one showed a much higher asso- 
ciation of chromosomes than the other. 
The maximum as well as the most fre- 
quent association in one of the plants 
was a chain of 6, a ring or chain of 4, 
and two pairs, one of which was a ring 
bivalent. This is very close to the maxi- 
mum association predicted by Hhiorth. 
The four chromosomes capable of form- 
ing a ring did so in about 25 per cent of 
the cells. In the remainder of the cells 
they formed, in decreasing sequence, a 
chain of 4, two pairs, or a chain of 3 and 
a univalent. The mean frequency of uni- 
valents was 0.5 per cell. In the other 
plant, the maximum association observed 
was a chain of 5, 4 pairs, and a univalent, 
with the most frequent association being 
a chain of 3, 5 pairs, and a univalent. In 
neither plant was a cell with 7 pairs ob- 
served. The reason for the difference 
in chromosome association is obscure. 
Genetic asynapsis, known to be preva- 
lent in C. amoena (Hakansson, 1944), 
may be a factor, or the hybrids may be 
very sensitive to small differences in the 
external environment, although our hy- 
brids were grown at the same time under 
essentially uniform conditions. 

Inversion bridges with accompanying 
fragments were observed in 6 out of 79 
first anaphase cells in the plant that 
showed the greater degree of chromo- 
some association, and one of the 6 cells 
showed two bridges with fragments (fig. 
2F). No bridges were observed at sec- 
ond anaphase. The frequency of bridges 
observed by Hakansson (1947) was ap- 
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parently much lower, which may indi- 
cate that different C. amoena arrange- 
ments are involved, but is more likely a 
reflection of the lower degree of chromo- 
some association in his material. 

In summary, Clarkia franciscana dif- 
fers from C. amoena by at least two 
translocations and two paracentric in- 
versions, and from C. rubicunda by at 
least three translocations and _ four 
inversions: Clarkia amoena and C. rubi- 
cunda differ by at least three transloca- 
tions and two inversions. These obser- 
vations might be taken as evidence that 
C. franciscana is chromosomally more 
similar to C. amoena than to C. rubicunda 
and that C. amoena is more similar to 
C. franciscana than to C. rubicunda. 
However, we believe just the contrary. 
The number of structural differences 
that have been detected represents a min- 
imum and many more may be present. 
The detection of structural differences in 
Clarkia hybrids depends upon synapsis 
of homologous segments followed by chi- 
asma formation. In the present instance 
the mean frequency of univalents (2.1 
per cell) in hybrids between C. amoena 
and C. franciscana is more than twice the 
value (0.9 per cell) observed in hybrids 
between C. rubicunda and C. franciscana, 
indicating a higher degree of pairing and 
chiasma formation in the latter. Con- 
sequently, we believe that the low level 
of detected structural rearrangements in 
the hybrids between C. franciscana and 
C. amoena is a function of decreased 
pairing which is probably attributable to 
a number of undetected structural differ- 
ences. In the same manner, the low fre- 
quency of univalents (0.5 per cell) in 
one hybrid between C. amoena and C. 
rubicunda suggests that the genomes of 
these species are structurally very similar 
to each other. This is also suggested by 
the frequent occurrence of rings of chro- 
mosomes at meiosis in this hybrid, 
whereas only chains are found in the 
other two hybrid combinations. Consid- 
ering all of the cytological evidence, we 
conclude that C. franciscana is chromo- 
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somally more similar to C. rubicunda 
than to C. amoena, and C. rubicunda is 
probably even more similar to C. amoena 
than to C. franciscana. 


DISCUSSION 


We have shown that Clarkia francis- 
cana, which is confined to a single ser- 
pentine hillside, occurs as an enclave 
within the area of distribution of C. rubi- 
cunda, and that C. rubicunda is replaced 
geographically, with very little overlap, 
by a third species, C. amoena. A\ll three 
species are so similar morphologically 
that were it not for data obtained from 
hybridization they undoubtedly would be 
considered conspecific. Hybrids between 
any two of these species have very low 
fertility as a consequence of meiotic ir- 
regularities that are attributable in large 
measure, if not entirely, to structural dif- 
ferences in their chromosomes. The 
problem is to explain the limited distri- 
bution of C. franciscana, the phylogenetic 
relationship between the species con- 
cerned, and the origin of the chromo- 
somal differentiation that has led to speci- 
ation. 

A highly restricted distribution, such 
as that of C. franciscana, may represent 
a relictual fragment of a once more prev- 
alent species, or may be indicative of a 
relatively recent origin. The latter seems 
probable in the case of C. franciscana 
because of its autogamous breeding habit ; 
because of its close similarity to C. rubi- 
cunda, which grows near by; and because 
of the specialized habitat that it occupies. 

Autogamy has arisen repeatedly in 
Clarkia and in 10 species it is character- 
istic of at least some populations. In no 
instance is there evidence that outcross- 
ing races have been derived from autog- 
amous races. This suggests that the 
- forerunner of C. franciscana was an out- 
crossing population like C. rubicunda or 
C. amoena. 

The serpentine habitat suggests that 
C. franciscana has been derived from ad- 
jacent relatives that grow facultatively on 
serpentine. Non-serpentine races could, 
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presumably, be derived from serpentine 
races, but the autogamous breeding habit 
of C. franciscana strongly suggests that 
it is derivative. Similar patterns of dif- 
ferentiation that can be interpreted the 
same way are known to occur in other 
genera, notably Streptanthus (Krucke- 
berg, 1957). The morphological simi- 
larity and spatial relationship of S. niger, 
a very restricted autogamous serpentine 
endemic, to its widespread outcrossing 
relatives closely parallels the situation de- 
scribed for C. franctscana and its close 
relatives. In both instances the narrow 
serpentine endemics are surely derivative 
and probably of recent origin. 

The very restricted distribution of C. 
franciscana may be due not only to a rel- 
atively recent origin but also to its genetic 
uniformity and special adaptation to a 
particular habitat. The genetic uniform- 
ity is probably attributable primarily to 
inbreeding, perhaps augmented by occa- 
sional reduction in the size of the popula- 
tion to a few individuals. The autogamy 
in turn may be adaptive in maintaining 
genotypes particularly adapted to the ser- 
pentine habitat. A species, such as C. 
franciscana, comprised of uniform geno- 
types adapted to a particular habitat, 
would be expected to have little chance 
of success as a migrant, as Mason (1950) 
has inferred, unless a comparable habi- 
tat is widely prevalent. Serpentine habi- 
tats are, however, relatively common in 
the Coast Ranges of California and given 
time a species such as C. franciscana 


might occupy a number of sites. On the 
other hand, since serpentine habitats 
have been available in this same area 


throughout the Cenozoic, the possibility 
can not be excluded that C. franciscana 
is not recent but was once a more widely 
distributed species with autogamous 
races growing on serpentine, of which 
only one population remains. 

The evidence indicates to us that C. 
franciscana has probably arisen very re- 
cently, perhaps in situ, from either C. 
rubicunda or C. amoena; and, on the 
basis of morphology and spatial relation- 
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ship, C. rubicunda is the more likely par- 
ent. The morphological traits that char- 
acterize C. franciscana, except those as- 
sociated with its autogamous breeding 
habit, are found individually in some 
plants of C. rubicunda at various places 
throughout its range, but never in the 
combination found in C._ franctscana. 
This suggests that the distinctive geno- 
type of C. franciscana could have been 
derived from variation in C. rubicunda, 
and subsequently maintained by struc- 
tural rearrangement of the chromosomes. 
The origin of the chromosomal differ- 
ences poses a problem, because both C. 
rubicunda and C. franciscana are appar- 
ently chromosomally uniform. Before 
considering chromosomal differentiation 
between these two species, however, we 
should consider the relationship of C. 
amoena to each of them. 

Clarkia amoena is probably much older 
than either of the other two species on 
the basis of morphological, ecological, 
and chromosomal evidence. It is mor- 
phologically and ecologically more di- 
verse than the others and is comprised of 
both selfing and outcrossing races. It 
is chromosomally variable and various 
presumably adaptive polymorphic sys- 
tems have been developed in different 
parts of its range. Furthermore, it occu- 
pies more northern and generally more 
mesic sites, which also suggests greater 
antiquity because a modal sequence of 
adaptation to drier habitats has been 
shown to have occurred in the course of 
evolution in Clarkia (Lewis, 1953b). In 
addition, C. amoena is one of the parents 
of the allotetraploid species C. gracilis, 
which itself is a polytypic species with 
a relatively large area of distribution 
(Lewis and Lewis, 1955). Although no 
one of these observations is conclusive 
in itself, taken together they strongly 
suggest that C. amoena is relatively much 
older and perhaps ancestral to both C. 
rubicunda and C. franciscana. 

Assuming that C. amoena is in fact 
ancestral to the other two species, mor- 
phological and geographical considera- 
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tions suggest a linear sequence of origin 
from C. amoena to C. rubicunda to C. 
franciscana. Hybrid fertility as _ well 
as cytological observations reinforces this 
hypothesis. Fertility, as indicated by 
visibly good pollen, does not provide an 
infallible indication of the degree of struc- 
tural differences between genomes of 
Clarkia (Lewis and Roberts, 1956), but 
in the present instance cytological ob- 
servations in respect to univalent fre- 
quencies in the hybrids are in agreement 
with the pollen data. Together these ob- 
servations indicate that C. amoena is 
more closely related to C. rubicunda than 
to C. franciscana, that C. rubtcunda is 
more closely related to C. amoena than to 
C. franciscana, and that C. franciscana 
is more closely related to C. rubicunda 
than to C. amoena. ‘The _ evidence 
strongly suggests, therefore, that deriva- 
tion has been in sequence rather than in- 
dependently from C. amoena for if the 
latter were true, one would expect C. 
franciscana and C. rubicunda to differ 
chromosomally from each other to a 
greater extent than either differs from 
C. amoena. 

To account for the chromosomal dif- 
ferences between the species, any one of 
three processes, alone or in combination, 
is possible: (1) rearrangements arose 
one by one in different populations or 
groups of populations which gradually 
became differentiated to their present 
degree; (2) chromosome _rearrange- 
ments gradually accumulated as varia- 
tion within a species which later became 
fragmented with the result that the vari- 
able elements were sorted out into var- 
ious combinations; (3) differentiation 
resulted from a rapid and major reor- 
ganization of the chromosomes. These 
possibilities will be discussed in turn. 

Chromosome rearrangements have oc- 
casionally become fixed and_ character- 
istic of a population or group of popula- 
tions in Clarkia. For example, two 
populations of C. biloba, each of which 
consists only of structurally homozygous 
individuals, may differ by a_transloca- 















tion as shown by a ring of four in their 
hybrids (Roberts and Lewis, 1955; 
Lewis and Mathew, unpubl.). Differ- 
entiation by a translocation has also ap- 
parently occurred between populations of 
C. amoena (Saanich and Otter Crest, 
Hakansson, 1942). Yet, even though 
some populations have become differen- 
tiated by one chromosome arrangement, 
it is difficult to account for the number 
of differences that characterize C. fran- 
ciscana, C. rubicunda, and C. amoena by 
a one-by-one accumulation of chromo- 
some alterations, because the colonial 
habit of these species greatly restricts or 
effectively prevents gene exchange be- 
tween them for indefinitely long periods. 
Consider, for example, the present situ- 
ation in regard to C. franciscana and C. 
rubicunda. Clarkia franciscana_ could 
easily become further differentiated chro- 
mosomally from C. rubicunda because 
C. franciscana is apparently limited to 
one population. On the other hand, a 
new highly adapted arrangement that 
might occur in C. rubicunda would stand 
small chance indeed of becoming char- 
acteristic of all populations. Conse- 
quently, if a one-by-one accumulation of 
structural rearrangements does account 
for the present differences between C. 
franciscana and C. rubicunda, the rear- 
rangements must have occurred at a time 
when C. rubicunda essentially consisted 
of an interbreeding population or a series 
of populations between which gene ex- 
change was frequent. But if chromo- 
somal differences arose and gradually 
accumulated under such conditions, it 
seems very surprising that C. rubicunda 
has not continued to spawn chromosomal 
rearrangements that are differentially 
represented in different populations. 
Consequently, we see little evidence to 
suggest that a gradual one-by-one accu- 
mulation of chromosome rearrangements 
has been of primary importance in pro- 
ducing the differences between these 
species. 

Second, Stebbins (1950, p. 247) has 
suggested that a chromosomally variable 
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species in which the different chromo- 
some arrangements are associated with 
adaptive gene combinations may be pre- 
adapted to the formation of new, chro- 
mosomally differentiated species, under 
conditions of geographical isolation and 
differential selection. He cites C. 
amoena (Godetia whitney) as a possible 
example of a species that is breaking up 
into chromosomally differentiated pop- 
ulations under these conditions. If so, 
C. rubtcunda and C. franciscana might 
represent chromosomally homomorphic 
end products of such a process. Popula- 
tions of C. amoena do show geographical 
differences in frequency and kinds of 
chromosome arrangement and many of 
the populations or groups of populations 
are effectively isolated geographically and 
occupy different habitats. There is no 
evidence, however, that the existing poly- 
morphism has given rise to genetically 
isolated, homomorphic races. Despite 
population-to-population differences in 
the frequency of any given arrangement, 
one chromosome arrangement is found 
throughout essentially the entire range 
of the species and is usually one member 
of any given structural heterozygote 
(Hakansson, 1946). Furthermore, the 
companion arrangement is_ frequently 
lethal when homozygous. Consequently, 
one must suppose that many and perhaps 
most of the chromosome arrangements 
that have accumulated in C. amoena are 
adapted only as heterozygotes and hence 
are obligate components of adaptive 
systems of chromosomal polymorphism. 
The derivation of homomorphic, geneti- 
cally isolated chromosomal races would 
require the collapse of the polymorphic 
system. Collapse of systems of chromo- 
some polymorphism has been suggested 
by White (1957) as a probable explana- 
tion for multiple differences in the chro- 
mosomes found between many species of 
animals, because the kinds of rearrange- 
ments that characterize chromosome 
polymorphism in a particular group are 
generally the same kinds that distinguish 
species within that group. 
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The local collapse of chromosome 
polymorphism in C. amoena to produce 
different monomorphic populations is 
conceivable. However, the collapse of ex- 
isting polymorphism in C. amoena would 
not produce differences of the kind and 
number that distinguish it from C. rubi- 
cunda and C. franciscana. The chromo- 
somal differences between these species 
include translocations and _ inversions, 
both of which occur as variable elements 
in C. amoena. However, translocation 
heterozygotes found in wild populations 
of C. amoena, or those derived from in- 
terpopulational crosses within that spe- 
cies, usually show catenations that not 
only include all of the interchanged chro- 
mosomes but also have a regular alternate 
disjunction. In contrast, the transloca- 
tions by which C. franctscana, C. rubi- 
cunda, and C. amoena differ from one 
another behave very differently as hetero- 
zygotes. Rings or chains that involve 
all of the interchanged chromosomes are 
found in low frequency or often not at 
all. Associations that are formed vary 
in number of chromosomes from cell to 
cell and frequently do not dissociate in 
a regular manner. Consequently, the 
translocations that characterize the dif- 
ferent species are structurally of a dif- 
ferent sort from those found within 
species, unless the difference in their 
behavior is due to genetic factors deter- 
mining chromosome association and ori- 
entation on the spindle. Translocations 
that persist as variable elements in C. 
amoena and other species of Clarkia in- 
volve the exchange of large segments or 
perhaps entire chromosome arms; in 
contrast, those by which the species dif- 
fer may have originated as short or un- 
equal interchanges, or, if initially com- 
parable to translocations found within 
species, have subsequently been altered 
by additional interchanges or inversions. 
Inasmuch as genetic asynapsis in varying 
degrees is known to occur in C. amoena 
(Hakansson, 1946), as well as other spe- 
cies of Clarkia, the variable association of 
chromosomes in the interspecific hybrids 
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may be attributable to such factors. 
However, if so, they are apparently in- 
operative in the triploid hybrid between 
autotetraploid C. amoena and C. rubi- 
cunda (Hakansson, 1941). We are in- 
clined, therefore, to consider chromo- 
some repatterning as the principal factor 
responsible for the variable association 
of chromosomes in the interspecific hy- 
brids. Support for this explanation 
comes from the number of inversions by 
which these species differ, which is far 
greater than could be accounted for by 
the collapse of any known polymorphic 
system in Clarkia. 

Inversions of a size and position to be 
detected by bridge-fragment configura- 
tions, resulting from crossing over within 
the inversion, are very rare in Clarkia. 
Examination of meiosis of several thou- 
sand wild individuals, or those grown 
from wild seed, has revealed only two in- 
dividuals that were probably heterozygous 
for a paracentric inversion: one in C. 
amoena, discussed above, and the other in 


C. dudleyana (Snow, 1957). Further- 
more,  bridge-fragment configurations 


have been observed in hybrids between 
colonies in only two species, C. amoena 
(Hakansson, 1942) and C. biloba (Lewis 
and Mathew, unpubl.). This low fre- 
quency of inversion heterozygotes stands 
in marked contrast to the observation that 
C. franciscana differs from C. rubicunda 
by at least four paracentric inversions 
and that C. franciscana and C. amoena, 
as well as C. amoena and C. rubicunda, 
differ by at least two. 
Finally, this leaves for consideration 
a rapid reorganization of the chromo- 
somes, which we believe affords the most 
likely explanation of the kind and degree 
of chromosomal differentiation between 
the species under consideration, espe- 
cially the origin of C. franciscana from 
C. rubicunda. Chromosome §arrange- 
ment tends to be very stable in Clarkia, 
despite the known occurrence of trans- 
locations in some individuals of about 
half of the diploid species. Not only are 
there a number of chromosomally homo- 
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morphic species, such as C. rubicunda, 
occupying a variety of habitats, but even 
those species, such as C. amoena and C. 
unguiculata, which are chromosomally 
extremely polymorphic, have one ar- 
rangement that is characteristic of the 
species and occurs in high frequency 
throughout its range, except perhaps for 
occasional colonies (Hakansson, 1946; 
Mooring, 1958). 

High levels of spontaneous chromo- 
some breakage have been very instruc- 
tive in demonstrating a possible mech- 
anism for rapid reorganization of 
genomes which may permit rapid tran- 
sition from one stable arrangement to 
a very different one. Extremely high 
levels of breakage, such as those exhibited 
by certain Bromus hybrids (M. S. Wal- 
ters, 1957), are so excessive that the 
probability of producing a functionally 
reorganized genome may be effectively 
zero. Of greater evolutionary signifi- 
cance are probably mutator genes, or 
genotypes, with a level of effect perhaps 
comparable to that of i extracted from 
a wild population of Drosophila melano- 
gaster by Ives (1950). From this stock 
a number of chromosome rearrange- 
ments were obtained (Hinton, Ives, and 
Evans, 1952) and many others were 
probably not detected. A number of re- 
ports of spontaneous chromosome break- 
age are now on record for various plant 
genera including Tradescantia (Giles, 
1940; Darlington and Upcott, 1941), 


Hyacinthus, Tulipa (Darlington and 
Upcott, 1941), Paris (Haga, 1953), 
Paeonia (J. L. Walters, 1956), and in 


hybrids between Allium cepa and A. fis- 
tulosum (Emsweller and Jones, 1938). 
In all instances, save Paeonia, a high 
level of chromosome breakage was found 
to be correlated with a visible repattern- 
ing of the chromosomes, as observed in 
pollen mitoses, and in the case of the 
Allium hybrid, more or less fertile lines 
with altered chromosome arrangements 
were obtained by selection from among 
the progeny of the F,. Most authors re- 
porting spontaneous breakage have sug- 
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gested that fragmentation was _ geno- 
typically controlled, and a specific genetic 
effect has been demonstrated in maize 
(McClintock, 1951, 1953) in which chro- 
mosomes tend to form breaks at the Ds 
(dissociation) locus in the presence of 
Ac (activator) at another locus. The 
frequent translocation of Ds and Ac sug- 
gests that other breaks are also asso- 
ciated with this genotype. The evolu- 
tionary effect of genotypes producing 
high levels of breakage depends on a 
great many factors, such as the extent of 
chromosome breakage, the fortuitous co- 
incidence of the adaptedness of a partic- 
ular genotype to a particular habitat, and 
the breeding habit of the organism. 
Although a number of authors have 
recognized the importance of mutator 
genotypes as a potential source of genome 
reorganization, most of them (Gold- 
schmidt is a notable exception) have 
visualized the process to consist of the 
rejection or incorporation, one at a time, 
of each alteration. Such a process could, 
of course, lead to extensive repatterning 
of the chromosomes over a period of 
time. But this would require that the 
mutator genotype remain in the popula- 
tion for a prolonged time or recur peri- 
odically. Although neither of these pos- 
sibilities can be excluded, the absence of 
chromosomal differentiation in C. rubi- 
cunda suggests to us that the shift from 
one chromosomally stable state to an- 
other, represented by C. franctscana, was 
fairly rapid and attributable to a mutator 
genotype, producing many chromosome 
breakages, which was probably soon 
eliminated from the population in which 
it occurred as a consequence of its dis- 
ruptive effect on the adaptedness of the 
population. The vast majority of re- 
organized genomes resulting from such 
a mutator genotype would undoubtedly 
be poorly adapted under any circum- 
stances, both in heterozygous and homo- 
zygous condition, and consequently would 
be expected to be rapidly eliminated from 
the population. Occasionally, however, 
an extensively reorganized genome might 
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be associated with a genotype especially 
well adapted to a particular site, for ex- 
ample, a serpentine slope, and might per- 
sist to the exclusion of its progenitors, 
including the mutator genotypes that led 
to the original chromosomal instability. 
Self-compatibility, characteristic of all 
species of Clarkia, would facilitate the 
establishment and maintenance of homo- 
zygotes. Consequently, we believe that 
the transition to C. franciscana from C. 
rubicunda and probably to C. rubicunda 
from C. amoena was a rapid one illustra- 
tive of speciation by what Goldschmidt 
(1940, p. 206) has called systemic mu- 
tation and of a sort that Simpson (1944, 
p. 206) has called quantum evolution. 

The systemic mutations of Gold- 
schmidt differ from the present example 
in that Goldschmidt visualized a funda- 
mentally different developmental process 
accompanying chromosome reorganiza- 
tion, which would result in macroevolu- 
tion. In the present instance, close mor- 
phological similarity of the species and 
the normal development of their hybrids, 
except for meiosis, indicate that develop- 
ment has not been greatly altered by 
extensive reorganization of the chromo- 
somes. This does not, however, pre- 
clude the possibility that the structurally 
very different genomes may have very 
different evolutionary potentials, not just 
because hybrid sterility has produced in- 
dependently evolving lines, but because 
of inherent differences in chemical re- 
organization. From such differences in 
potential might come the macroevolution 
envisioned by Goldschmidt. 

A rapid reorganization of the chromo- 
somes is not unique to the species we 
have discussed; comparable patterns of 
differentiation are frequent in Clarkia. 
Two examples that have been studied in 
detail will be reviewed briefly (C. biloba 
—C. lingulata, Lewis and Roberts, 1956; 
C. unguiculata—C. exilis, Vasek, 1958). 

Clarkia lingulata has demonstrably 
been derived from C. biloba australis that 
grows adjacent to it. Both taxa are 
normally outcrossed and each is chromo- 
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somally homomorphic. They differ in 
external morphology only in the shape 
of the petals, although their genomes dif- 
fer by at least one paracentric inversion, 
a translocation, and quantitatively by an 
additional pair of chromosomes in C. 
lingulata. The translocation by which 
they differ usually forms a ring with an 
orientation and dissociation of chromo- 
somes that results in a high proportion 
of nonviable meiotic products in the hy- 
brid. The additional chromosome of C. 
lingulata is comprised of parts of two 
chromosomes of C. biloba and _ conse- 
quently joins together in the hybrid two 
pairs of chromosomes to form a chain 
of 5, which also results in a high propor- 
tion of nonviable products. Although 
the number of chromosomal differences 
is not great, to account for their gradual 
accumulation in the population that be- 
came C. lingulata requires a series of 
highly improbable events. Paracentric 
inversions of a size and position to be 
detected by crossing-over within hetero- 
zygotes are, as we have indicated, very 
rare in Clarkia. Although populations 
may occasionally become differentiated 
for such inversions, the establishment in 
the same population of a translocation 
that greatly reduced fertility as a heterozy- 
gote is quite unlikely, if the events are 
independent. The chromosome that was 
added is the product of a translocation; 
to assume that this translocation and du- 
plication occurred independently in the 
same population in which a rare inversion 
and a heterozygously maladapteéd trans- 
location became fixed is compounding a 
series of improbabilities to the point of 
incredulity. On the other hand, if the 
chromosomal differences are causally re- 
lated, the phenomenon becomes under- 
standable. One possibility is that these 
multiple differences were introduced si- 
multaneously into the population by inter- 
specific hybridization (see discussion in 
Lewis and Roberts, 1956). Another pos- 
sibility, which we believe is more likely, 
is that a genotype conducive to chromo- 
somal breakage arose, and perhaps per- 
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sisted for several generations, in a popu- 
lation of C. biloba australis, and that the 
new genome of C. lingulata is the result. 

The relationship of Clarkia e-xilis to 
C. unguiculata has many features in com- 
mon with the other examples. Clarkia 
exilis, a species of relatively limited dis- 
tribution which is facultatively autoga- 
mous and grows adjacent to C. ungutcu- 
lata, is morphologically as similar to C. 
unguiculata as C. franciscana is to C. 
rubicunda. Like the latter pair of spe- 
cies, C. exilis and C. ungutculata have the 
same chromosome number. Clarkia un- 
guiculata is chromosomally polymorphic 
(Lewis, 1951; Mooring, 1958) and to 
some extent so is C. exilis (Vasek, 1958). 
The translocation heterozygotes in both 
of these species, however, regularly form 
catenations that include all of the chromo- 
somes involved and disjunction is regu- 
lar. In contrast, the two species differ 
by at least 3 translocations and these, as 
in the case of hybrids between C. francts- 
cana, C. rubicunda, and C. amoena, form 
catenations in the hybrid which are 
highly variable in the number of chromo- 
somes and dissociate in an irregular man- 
ner. This, together with the frequent 
occurrence of univalents, suggests that 
C. unguiculata and C. extls differ by 
a number of structural rearrangements 
that have not been individually detected. 

Ancestral and derivative species grow 
adjacent to each other in all of the ex- 
amples discussed. This suggests to us 
that differentiation has been very recent 
because the areas of distribution of 
Clarkia species are certainly not static. 
This is graphically illustrated by the pres- 
ent distribution of the known parents of 
alloploid species (Lewis and _ Lewis, 
1955). Pairs of species that must have 
grown in the same area when their allo- 
ploid derivatives were formed often do 
not grow with each other today. Fur- 
thermore, these alloploid species are 
probably of recent origin, because chro- 
mosome pairing in hybrids between the 
alloploid and its parental species often 
indicates that no structural change has 
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occurred in the genomes since the allo- 
ploid was formed (Lewis, unpubl.). 
Many of the distribution patterns that 
we observe in California have resulted 
undoubtedly from migrations, expansion 
and contraction of areas of distribution 
during pluvial and interpluvial periods 
of the Pleistocene. If C. franciscana, C. 
lingulata, and similar derivatives were 
in existence and hence participated in 
such migrations, one would not expect 
invariably to find the derivatives adja- 
cent to the parental species, or as en- 
claves within them. Such considerations 
lead us to believe that derivatives such 
as C. franciscana and C. lingulata are 
more recent than the climax of the last 
glacial advance about 12,000 years ago 
and are probably much more recent. 


SUMMARY 


Clarkia franciscana consists of a single 
population on a serpentine slope in the 
Presidio at San Francisco, California, 
where it occurs as a reproductively iso- 
lated enclave within the area of distribu- 
tion of C. rubicunda, to which it is mor- 
phologically most similar. It is also 
closely related to C. amoena, which geo- 
graphically replaces C. rubicunda farther 
north. All three species are diploid 
(n = 7), and C. franciscana and C. rubt- 
cunda are each characterized by a single 
chromosome arrangement, whereas C. 
amoena is chromosomally _ variable. 
However, the differences in chromo- 
somal arrangement between C. francts- 
cana and the other two species is shown 
to be far greater and of a different sort 
from that ordinarily found as variation 
within species of Clarkia. The kind and 
degree of chromosomal differentiation 
accompanying the relatively minor differ- 
ences in morphology, together with geo- 
graphical position, suggest that C. fran- 
ciscana may have had its origin im situ 
from C. rubicunda as a consequence of 
a rapid reorganization of the chromo- 
somes due to the presence, at some time, 
of a genotype conducive to extensive 
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chromosome breakage. A similar mode 
of origin by rapid reorganization of the 
chromosomes is suggested for the deriva- 
tion of other species of Clarkia. In all 
of these examples the derivative popula- 
tions grow adjacent to the parental 
species, which they resemble closely in 
morphology, but from which they are 
reproductively isolated because of mul- 
tiple structural differences in their chro- 
mosomes. The spatial relationship of 
each parental species and its derivative 
suggests that differentiation has been re- 
cent. 

The repeated occurrence of the same 
pattern of differentiation in Clarkia sug- 
gests that a rapid reorganization of chro- 
mosomes has been an important mode of 
evolution in the genus. This rapid re- 
organization of the chromosomes is com- 
parable to the systemic mutations pro- 
posed by Goldschmidt as a mechanism of 
macroevolution. In Clarkia, we have 
not observed marked changes in physi- 
ology and pattern of development that 
could be described as macroevolution. 
Reorganization of the genomes may, 
however, set the stage for subsequent 
evolution along a very different course 
from that of the ancestral populations. 
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In one respect plant and animal genera 
behave quite differently in their evolu- 
tionary development. Within a large 
number of plant genera it is commonplace 
for many species to be of hybrid origin 
(Stebbins, 1950; Clausen, 1951), thus 
establishing in one phyletic line a com- 
bination of characteristics from two par- 
ental species and producing a reticulate 
pattern of relationships. In animal gen- 
era, on the other hand, few cases of such 
reticulation have been noted. 

Although the occurrence of hybrids has 
been noted in most metazoan groups, only 
a handful of cases are on record in which 
hybrid populations or hybrid species of 
animals exist on a self-perpetuating basis. 
For birds, flocks apparently hybrid in 
origin have been reported from the South 
Sea Islands (Mayr, 1932, 1938), the 
Galapagos Islands (Lack, 1940, 1945), 
and the mountains of southwestern North 
America (Miller, 1939). For fish, the 
parthenogenetic “Amazon Molly” is 
thought to be of hybrid origin (Carl 
Hubbs, 1955) ; certain European species 
are thought to be of hybrid origin by 
Aksiray (1952) and Kosswig (1953), 
but this conclusion is doubted by Hubbs 
and Strawn (1956). Other observations 
on fish hybrids indicate the possibility of 
introgression (Carl Hubbs, 1955; Clark 
Hubbs and Strawn, 1957). For mam- 
mals a hybrid population of shrews has 
been described (Rudd, 1955). Sweadner 
(1937) and others have described hybrid 
populations in various species of moths 
and butterflies. In the case of certain 
earthworms and weevils, anisopolyploid 
members of a group of polyploid parthe- 
nogenetic species can logically be only 
the result of hybridization between either 
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races or species (White, 1954). In Dro- 
sophila, the western populations of D. 
americana americana can logically be con- 
sidered of hybrid origin (Patterson and 
Stone, 1952), and in grasshoppers the 
race 7Trimerotropis maritima interior has 
been shown to be hybrid in origin (Caro- 
thers, 1941). It has been suggested that 
the thrips species Hybridothrips oneillae 
is of hybrid origin (Stannard, 1954). 

In attempting to analyze the phylogeny 
of leafhoppers belonging to the genus 
Erythroneura, several instances were en- 
countered in which the relationships of 
a cluster of species could be explained 
logically only on the postulate of the 
hybrid origin of one member. These 
leafhoppers thus add to the animal list 
another case involving the probable hy- 
brid origin of species. 


Puycetic LINEs IN Erythroneura 


The genus Erythroneura belongs to the 
leafhopper family Cicadellidae and con- 
tains about 500 described species with 
representatives in the temperate regions of 
all continents. Almost all the species 
feed on trees, shrubs, or vines, the small 
remainder feeding on woody herbs. 
These leafhoppers are small in size, often 
gaudily patterned, and the males have a 
complex set of parts forming the external 
genitalia. The species can be identified 
on the basis of the multitudinous differ- 
ences found in these genitalic structures. 

A gigantic monophyletic species flock 
of over 300 species of Erythroneura oc- 
curs in eastern North America, evidently 
the product of a mid-Cenozoic ancestor 
which spread to North America from 
This flock com- 
prises seven major groups of species, two 
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of the groups containing over a hundred 
species each. 

Many of the differences observed in 
the male genitalia form sequential steps 
from a primitive to a more specialized 
condition. The organization of species 
according to these indicated lines of de- 
scent provides (1) a cohesive phylo- 
genetic outline for all the species groups 
in the genus, (2) a reliable guide as to 
the condition of particular structures in 
the ancestral form of each species group, 
and (3) a basis for continuing a phylo- 
genetic analysis of the species complexes 
and species contained in each major 
group. 

In one of these, the maculata group, 
the primitive ancestor undoubtedly pos- 
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sessed a simple, bladelike aedeagal shaft, 
a tapering, slightly curved pygofer hook, 
and a style having pronounced but short 
anterior and posterior points. No one 
known species combines all of these, but 
osborni, trivittata, and a few others agree 
in sufficient characters to indicate a posi- 
tion of early origin. Many species form 
closely-knit aggregates in which it is pos- 
sible to follow the evolutionary develop- 
ment of the various morphological dif- 
ferences which have become established 
in the various lines. These aggregates 
indicate that there occurred an early de- 
velopment of otherwise primitive forms 
in which the posterior point of the style 
became successively longer, figure 1, and 
that this early development formed what 
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Phylogenetic diagram of the species complexes comprising the maculata 
In the center of the chart, the seven lower figures are outlines 
of the style and the four upper figures are outlines of the ventral aspect of the aedeagus. 


The jagged lines indicate the four cases of suspected hybridization outlined in this 
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Fic. 2. Diagnostic characters of Erythroneura alicia and of the two species metopia 


and trivittata which represent its suggested ancestral lines. 
C, pygofer hook; D, color pattern of body. 


we might call the main stem or backbone 
from which branched the lines of the 
maculata group existing today. The very 
end of this main line gave rise to a burst 
of distinctive species complexes in which 
the basic evolutionary changes involved 
the shape of the aedeagus. 

Following these ideas the great bulk 
of the 160 species of the maculata group 
can be arranged into a phylogenetic pat- 
tern, figure 1, in which each species 
appears to have arisen as a simple modi- 
fication of the condition considered an- 
cestral to it. In a few cases an unusually 
distinctive modification appears suddenly 
in a line and suggests that connecting 
links may eventually be found between 
this condition and a more primitive one. 
In several cases the same structure ex- 
hibits the same series of simple changes 
in different and otherwise distinctive 
phyletic lines. Neither these appear- 
ances of unusually distinctive characters 
nor the cases of simple parallel evolution 





A, style; B, aedeagus; 


disturb the orderliness of the phylogenetic 
progression. Four species, however, ex- 
hibit conditions in sharp contrast to this 
orderliness because each species combines 
characters otherwise distinctive of two 
well-separated and well-understood phy- 
letic lines. These circumstances are ex- 
plained in the following accounts. 


The case of Erythroneura alicia, fig. 2 


In most of its characters Erythroneura 
alicia belongs to the Jenta species com- 
plex. The progenitor of the complex 
presumably had reduced points on the 
style, a deep, bladelike aedeagal shaft 
with lateral flanges, and a slightly sinu- 
ate, fairly robust pygofer hook, charac- 
ters found in one or both of two primi- 
tive species stephensoni and lenta. Early 
in the development of the complex the 
posterior point of the style virtually dis- 
appeared, and from an ancestor thus 
modified (extremely similar to the living 
lenta) no less than five markedly special- 
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ized branches appear to have arisen. In 
the branch to which alicia belongs the 
aedeagal shaft lost its lateral flanges and 
became shallower and the pygofer hook 
became thinner, longer, and straighter, 
as in figure 2, metopia. In salient points 
longa is similar to this presumed ances- 
tor. Beyond this point five other species 
arose, differing in details of aedeagal 
shaft or pygofer hook. Except for alicia, 
all species in the branch, in fact all the 
species in the entire lenta complex, have 
a basic color pattern of small red dots or 
bars on a ground color of whitish or very 
pale yellow, as in figure 2, metopia D. 
The species alicia, on the other hand, 
has a pattern of three bright red trans- 
verse bars on a pale background, a pat- 
tern found in no other species except 
three in the entirely different trivittata 
_complex, figure 2, trivittata D. 

This coincidence of pattern accompa- 
nies an equal coincidence in hosts, as 
shown in the chart of the alicia branch, 
figure 3. The species lenta has been 
taken chiefly on red oak but occasionally 
on shingle oak (Q. imbricaria). The 
more primitive members of the alicia 
branch and most of the members of the 
closely allied brevipes branch occur on 
various species of the typical red or white 
oaks (Q. marilandica, velutina, falcata, 
and stellata). Three species of the alicia 
branch (including alicia) occur on 
shingle oak and this is the sole host of 
the banded species of the trivittata com- 
plex. 

The combined data from both struc- 
ture and host relationships, suggests that 
the alicia branch of the lenta species com- 
plex arose on the black oak group, that 
one or more lines became established on 
shingle oak, that one of these lines hy- 
bridized with a banded member of the 
trivittata complex, and that from this 
union arose the species alicia combining 
the structure of the Jenta complex with 
the color pattern of the trivittata complex. 

At this point the question arises: Did 
the banding arise in alicia and spread to 
the trivittata complex? An examination 
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Fic. 3. Phylogenetic diagram of the line 
leading to Erythroneura alicia. 


of the trivittata complex indicates that 
this latter is the parent of the banding. 
The typical members of this complex 
comprise four species, all restricted to 
shingle oak; an aberrant member, /igata, 
occurs on bur oak (Q. macrocarpa). All 
are unique in the maculata group in hav- 
ing a prominent anterior point on the 
style, and are quite unlike the /enta com- 
plex in having the posterior point of the 
style long. One species, confirmata, pos- 
sibly a direct offshoot of the progenitor 
of the complex, has an intricate red sad- 
dle on the dorsum. The other three 
members have the three transverse bands 
just mentioned, but these bands are more 
complex than those in alicia by virtue of 
a partial black overlay of varying inten- 
sity. The species trivittata, figure 2, is 
demonstrably the most primitive of these 
three banded species because the pygofer 
hooks are simple and the aedeagal shaft 
is a primitive bladelike type. The other 
two species, amethica and arpegia, have 
a distinctive, spiny aedeagal shaft. We 
may conclude that the banded trivittata 
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4. Diagnostic features of male genitalia of five species of Erythroneura; ar- 


pegia is the presumed hybrid species, amethica represents one parental line, and 
brevipes, immota, and palulotdes the other. A, style; B, C, dorsal and lateral aspects 
of pygofer hooks; 1), ventral aspect of aedeagus. , 


color pattern became established in an 
ancestral form even more primitive than 
trivittata. No known species illustrate 
intergrading conditions between the 
banded and spotted patterns, hence we 
have no clue as to whether the banding 
arose suddenly or through a series of 
intermediate steps. It is apparent, how- 
ever, that if through hybridization the 
banding became established in the alicta 
line, only the red factor without the black 
overlay is expressed in the latter species. 


The case of Erythroneura arpegia, 


fig. 4 


The third banded species of the trivit- 
tata complex, arpegia, is similar to its 
closest relative amethica in all characters 
except the pygofer hook, figure 4 arpegia, 
B, C, which is a highly modified struc- 
ture almost exactly like that of paluloides, 
a species belonging to the brevipes branch 
of the Jenta complex. In this brevipes 
branch the evolution of this twisted py- 
gofer hook (B, C) can be followed from 
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Diagnostic characters of the male genitalia of five species of 


Erythroneura; incondita is the presumed hybrid species, knightt and rotunda 


represent one parental line and macra and septima the other. 
lateral and ventral aspects of aedeagus. 


a simple sinuate hook as in lenta through 
stages shown in figure 4 exemplified by 
brevipes and immota, to the known final 
stage in paluloides. The presence of 
these intermediate steps in the brevipes 
branch combined with the sudden ap- 
pearance of the highly modified end re- 
sult in arpegia suggest that arpegia is the 
result of a hybrid combination between a 
paluloides-like parent and an amethica- 
like parent. Such a mating combination 
is not ruled out on ecological grounds, 
because both paluloides and amethica are 
known to occur only a short distance 





A, style, B, C, 


apart in southern Illinois and are un- 
doubtedly sympatric. 


The case of Erythroneura incondita, 
fig. 5 

The rotunda species complex of Eryth- 
roneura contains six species apparently 
confined to the hard maples (Acer sac- 
charum and allied species). In all six 
species the style (4) is similar and un- 
usually long, and the different shapes of 
the pygofer hook can be arranged as 
modifications of a simple, sinuate an- 
cestral type. In five of the species (ro- 
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tunda, trautmant, sandersoni, spinea, and 
knighti) the aedeagal shaft (6B) also is 
a modification of a shortened but other- 
wise primitive, bladelike type, figure 5, 
knighti and rotunda. In the sixth spe- 
cies, incondita, all characters but the ae- 
deagus indicate a close relationship with 
knightt, but the aedeagal shaft (5, C) is 
entirely different and is similar in type 
to that of macra, a member of the entirely 
different gemina complex. In the species 
of this latter complex the body of the 
style is unusually short and the pygofer 
hook is short and bladelike. In general 
the gemina complex is associated with 
oaks but the species macra occurs in II- 
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linois on hard maple within the range 
of incondita. 

The same logic used in the previous 
two cases points here also to the prob- 
able hybrid origin of imcondita from a 
kmighti-like parent and a macra-like par- 
ent. It is perhaps significant that the 
most distinctive feature of incondita, the 
wider lateral extensions of the aedeagal 
shaft, can be interpreted as a simple spe- 
cialization of the same structure in macra. 


The case of Erythroneura triangulata, 


fig. 6 


The triangulata complex contains five 
species, maga, solita, solida, knullae, and 
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Fic. 6. Diagnostic characters of the male genitalia of five species of 
Erythroneura; triangulata represents the presumed hybrid species, maga and 
solita represent one parental line and conctsa and direpta the other. A, 


style; B, C, lateral and ventral aspects of aedeagus. 
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triangulata, characterized by a curious, 
long but broad, posterior point on the 
style and a primitive, simple pygofer 
hook. Four of the species have an aede- 
agel shaft (B, C) also of a primitive 
bladelike type, although in each species 
this structure shows differences in de- 
tails. It is especially primitive in maga, 
figure 6. The fifth species, triangulata, 
is much like the others except in the ae- 
tleagal shaft, which is short, broad, and 
spiny. This peculiar type of shaft is al- 
most identical with that of conctsa and 
direpta, members of the pyra complex. 
In the pyra complex this unique structure 
does not appear suddenly, but its evolu- 
tion can be traced through many steps 
from the primitive bladelike type of ae- 
deagal shaft (see upper diagrams in fig. 
1). 

The host relationships of the triangu- 
lata and pyra complexes are not well un- 
derstood but most of the species have 
been collected in scattered localities in 
Illinois and undoubtedly are sympatric. 

The same reasoning as used before 
points a fourth time to the probable hy- 
brid origin of a species, in this case to 
triangulata from a maga-like parent and 
a concisa-like parent. 


Other possible cases 


Certain other species in the maculata 
group may represent cases similar to the 
four explained above but the probable 
parentage is not clear at the present 
stage of our studies. In certain other 
species groups of Erythroneura initial 
analysis of species relationships indicates 
the existence of a few more cases. In 
all, however, the incidence of conspicu- 
ous examples of suspected hybrid species 
appears to be little greater than is shown 
in figure 1, i.e., four in a group of about 
150 species. 


COMMON CHARACTERISTICS OF THE 
Erythroneura “Hysrips” 


The four supposed hybrid species de- 
scribed above share certain features in 
common : 

(1) Each species as currently identified 
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and named has only a limited amount of 
variation, none of it tending to merge 
with characters of related species or of 
presumed parental species. In this re- 
spect these species do not differ from the 
great majority of species in Erythro- 
neura, or, for that matter, in the entire 
leafhopper family Cicadellidae. 

(2) In several characters each species 
is remarkably similar to one presumed 
parent but in one character it is like the 
other presumed parent. No characters 
exhibit a blending of the conditions in 
both presumed parents. The result is 
a mosaic rather than a blending inter- 
mediate. 

(3) In at least one character each spe- 
cies differs consistently from both pre- 
sumed or any deducible parents. 

(4) In only one species (arpegia) can 
the females as well as the males be iden- 
tified. In this species both sexes are 
present in any large collections of the 
species. In the other species males are 
in such proportions to the entire collec- 
tion as to indicate a 1:1 ratio of males 
and females. One collection containing 
almost a pure culture of imcondita con- 
tained 16 males and 14 females. 

(5) In a broad sense all the species 
are sympatric with their respective pre- 
sumed parents and have been collected in 
different years and at several localities. 
These remarks apply primarily to Illinois. 

(6) The presumed crosses occurred 
not between closely related sister species 
but between species well separated phylo- 
genetically. 

In short, these species behave morpho- 
logically and ecologically like true spe- 
cies, similar in such respects to other 
species in the genus. There is always 
the faint possibility that these forms are 
hybrid F, populations; to prove defi- 
nitely that they represent continuing 
breeding populations will eventually re- 
quire rearing successive generations of 
each. Such a program is being initiated 
but may require several years to produce 
conclusive evidence. The lack of inter- 
mediates with presumed parents indicates 
a lack of present backcrossing and the 
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lack of character blending indicates that 
no simple type of F, progeny is involved. 
As a matter of fact, few individuals have 
been found in this entire genus which 
appear to be recognizable hybrids. The 
existence and stability of diagnostic fea- 
tures in each “hybrid” species is further 
evidence of what Simpson (1951) suc- 
cinctly terms “evolutionary independ- 
ence.” Circumstantial evidence certainly 
favors the view that these suspected hy- 
brid species are true, self-perpetuating 
populations. The question arises: Are 
there any cases in other animals which 
would help to explain this situation? 


COMPARISONS AND DISCUSSION 


Comparing these presumed hybrid spe- 
cies with cases reported in other animals, 
we find that the Erythroneura mosaics 
differ from most in one of two points. 
The polyploid cases are parthenogenetic, 
whereas the Erythroneura cases are bi- 
sexual. Except for the parthenogenetic 
fish, Amazon Molly, the hybrid cases 
listed in fishes, birds, shrews, and many 
of the insects are characterized by highly 
variable populations blending into each 
parental type. This is in sharp contrast 
to the Erythroneura cases. The sug- 
gested case of the thrips Hybridothrips 
oneillae fits well the circumstances of the 
Erythroneura cases, because this thrips 
species combines in one line the distinc- 
tive characters of two closely related but 
specialized genera Zactinothrips and 
Zeuglothrips. 

A well-studied case which seems to fit 
these leafhoppers is the hybrid popula- 
tion between Drosophila americana amer- 
icana and D. novame.xicana described by 
Patterson and Stone (1952). In this fly 
population the cytological pattern is a 
mosaic in which chromosomes 1, 3, 4, 
5, and 6 are derived from D. americana 
texana and chromosome 2 is derived from 
D. novamexicana. This combination is 
a perfect analogue in comparison with 
the mosaic of characters found in the 
presumed Erythroneura hybrid species. 
The term analogue is used with purpose 
because there are undoubtedly many com- 
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binations of backcrossing or chance com- 
binations arising from F, segregation 
which might produce such a character 
mosaic as occurs in these Erythroneura 
cases. This would be especially true if 
each diagnostic character was determined 
by genes on different chromosomes. In 
answer to my query regarding these pos- 
sibilities, Dr. W. S. Stone has written, 
“Tt is quite possible that segregation and 
readjustments of dominant and other fac- 
tor complexes might give hybrids such 
as you describe if the complex had a 
better selective advantage with the set of 
characters you find.” 

In interspecific hybrids between Dro- 
sophila quimaria and its allies Sears 
(1947) found that in certain characters 
the F, condition was a blend, in others 
the condition in one parental species was 
dominant over that in the other. As a 
result certain of the hybrids exhibited a 
mosaic combination of characters from 
both parents. 

In the case of Trimerotropis maritima 
interior reported by Carothers (1941), 
the race was demonstrably a hybrid pop- 
ulation between Trimerotropis maritima 
and T. citrina. The population was ap- 
parently relatively uniform in some areas 
but highly variable in others. In study- 
ing crosses between stocks of the parent 
species Carothers found that (1) certain 
specific characters show complete dom- 
inance in the males and (2) the ratios of 
the recombinations obtained indicated 
that the genes for the various characters 
studied are non-sex-linked and in differ- 
ent euchromosomes. These observations 
concerning Trimerotropis maritima 1in- 
terior may be suggestive of conditions 
leading to the sort of character combina- 
tion found in the suspected Erythroneura 
hybrid species. 

Miller (1939) gives an interesting ac- 
count of hybrid populations of Juncos 
isolated in small mountain areas in south- — 
western United States. It is possible 
that these mixed and hybridizing small 
assemblages, with only infrequent genetic 
contact with their parent species, may 
form a model illustrating how hybrid 
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species such as these presumed hybrid 
species of leafhoppers had their begin- 
ning. Sibley and West (1958) give other 
pertinent avian examples. 

If these Erythroneura cases are truly 
hybrid in nature, it is also possible that 
they arose because of the “capture” of 
an entire species by an alien character 
through selection following hybridiza- 
tion, or through the success of a particu- 
lar genetic combination which might oc- 
cur in occasional hybrids arising in a 
population. It is not difficult to visualize 
the chance formation in this fashion of a 
genetic mosaic combining both viability, 
adequate adaptation to its environment, 
and marked genetic incompatibility with 
other genotypes. According to the re- 
sults obtained by Koopman (1950) in 
Drosophila, this situation could well re- 
sult in selection pressures leading to the 
genetic isolation of a hybrid form. 

There is also the possibility that there 
may be, in some manner now unknown, 
more than merely a coincidence in the 
similar and peculiar type of mosaic in- 
dicated by both the cytology of Droso- 
phila americana americana and the struc- 
tures of the four Erythroneura “hybrid” 
species. 

Whatever may be the answers to these 
questions, a large body of circumstances 
suggests very strongly that Erythroneura 
alicia, arpegia, incondita, and triangulata 
are an unusual type of mosaic hybrid 
species. 


LITERATURE CITED 


Axsiray, F. 1952. Genetical contributions 
to the systematic relationship of Anatolian 
cyprinodont fishes. Pub. Hidrobiol. Res. 
Inst., Fac. Sci. Univ. Istanbul, Ser. B, 1: 
33-80. 

CaroTHERS, E. ELEANor. 1941. Interspecific 
grasshopper hybrids (Trimerotropts citrina 
x T. maritima; F:, Fe and _ backcrosses). 
Proc. Seventh International Genetical Cong., 
1939: 84-85. 

CLAUSEN, J. 1951. 
of Plant Species. 
aca, N. Y. 

Husss, Car L. 


Stages in the Evolution 
Cornell Univ. Press, Ith- 
206 pp. 
1955. Hybridization between 
Systematic Zoology 


fish species in nature. 
1-20. 


4(1): 








HERBERT H. ROSS 


Hupss, CLARK, AND KIRK STRAWN. 1956. 
Interfertility between two sympatric fishes, 
Notropis lutrensis and Notropis venustus. 
EvoLution, 10(4): 341-344. 

1957. Relative variability of hybrids 

between the darters, Etheostoma spectabile 

and Percina caprodes. Evotution, 11(1): 


1-10. 

KoopMAN, K. F. 1950. Natural selection for 
reproductive isolation between Drosophila 
pseudoobscura and Drosophila  persimilis. 


Evo.tuTion, 4: 135-148. 

Kosswic, C. 1953. Uber die Verwandtschafts- 
beziehurgen anatolischer Zahnkarpfen. Pub. 
Hidrobiol. Res. Inst., Fac. Sci. Univ. Is- 
tanbul, Ser. B, 1: 186-198. 

Lack, Davip. 1940. Evolution of the Gala- 
pagos Finches. Nature, 146: 324. 

1945. The Galapagos Finches 
spizinae). A study in variation. 
sional Papers, Calif. Acad. Sci. 
vii +151 pp. 

Mayr, Ernst. 1932. Notes on thickheads 
(Pachycephala) from the Solomon Islands. 
Amer. Mus. Novit., No. 522: 1-22. 

1938. Notes on New Guinea birds. 
Amer. Mus. Novit., No. 1006: 11. 

Mitier, A. H. 1939. Analysis of some hy- 
brid populations of Juncos. Condor, 41: 
211-214. 

PATTERSON, J. T., AND W. S. STONE. 
Evolution in the Genus Drosophila. 
Macmillan Co., New York. 610 pp. 

Ross, H. H. 1953. On the origin and com- 
position of the nearctic insect fauna. Evo- 
LUTION, 7: 145-158. 

Rupp, R. L. 1955. Population variation and 
hybridization in some California shrews. 
Systematic Zoology, 4(1): 21-34. 

Sears, J. W. 1947. Relationships within the 





( Geo- 
Occa- 


No. 21: 


1952. 
The 


quinaria species group of Drosophila. Univ. 
Texas Publ., 4720: 137-156. 
Srptey, C. G., ano D. A. West. 1958. Hy- 


bridization in the red-eyed towhees of Mex- 
ico: the eastern plateau populations. Con- 
dor, 60(2) : 85-104. 

Simpson, G. G. 1951. The species concept. 
EvoLuTion, 5: 285-298. 

STANNARD, Lewis J., Jr. 1954. Actinothrips 
(Hybridothrips) oneillae, new subgenus and 


species. Proc. Ent. Soc. Wash., 56(2): 
71-74. 
StespBIns, G. L. 1950. Variation and Evolu- 


tion in Plants. Columbia Univ. Press, New 
York. 643 pp. 

SwWEADNER, W. R. 1937. Hybridization and 
the phylogeny of the genus Platysamia. 
Ann. Carnegie Mus., 25: 163-242. 

Wuite, M. J. D. 1954. Animal Cytology and 
Evolution. Cambridge Univ. Press. 454 pp. 














POSSIBLE ORIGIN OF DERMAL TEMPERATURE REGULATION ! 


RAYMOND B. Cow es 2 


University of California, Los Angeles 


Received December 14, 1957 


The importance of blood shunting from 
superficial to deep tissues as a means of 
heat conservation in warmblooded verte- 
brates has been amply reviewed by 
Bazett (1948), Hammond (1954) and 
Sholander (1955). From the evidence 
it is clear that the mechanisms for changes 
in superficial blood flow including tem- 
perature-induced vasoconstriction and 
vasodilatation are adaptations that serve 
a vital need in these warm-blooded, endo- 
therm, animals for a heat regulating 
mechanism that in warm-to-hot environ- 
ments or during violent physical effort, 
will prevent a) thermal injury or even 
death from overheating and b) under 
cold environmental conditions, heat deple- 
tion and lowering of the body tempera- 
ture requisite for their well being or even 
for their survival. In either case, the tis- 
sues of the surface of the body as well 
as those in the extremities may survive 
thermal limits that would be paralyzing 
or lethal to the organism as a whole. 


HEAT REGULATION 


Both the necessity and the effectiveness 
of heat control mechanisms normally de- 
pend on the fact that for organisms in 
which heat is an endogenous product 
with only very rare environmental excep- 
tions (notably for diurnal desert animals ) 
the thermal gradient between the organ- 
ism and its environment is almost always 
favorable for heat dissipation by convec- 
tion, conduction, and radiation. In other 
words, but for the heat conserving de- 
vices such as insulation and vascular con- 
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trol, body heat would flow unimpeded and 
more or less continuously to the organ- 
ism’s surroundings. When heat flow to 
the environment is prevented by fur or 
feathers, panting and evaporation in the 
buccal cavity and in a few mammals by 
sweat evaporation supplement the normal 
discharge of excess heat. 

It is generally tacitly assumed that 
these heat regulating phenomena are 
concomitants of the evolution of warm- 
bloodedness, i.e. the evolution of effective. 
internal heat production, and that the 
need for producing heat and the devices 
for conserving it must therefore have 
been in some way associated with the 
existence of a cool or cooling environ- 
ment. However, instead of being pe- 
culiarly endotherm adaptations for tem- 
perature regulation, it seems probable 
that at least the basic mechanisms for 
changing blood flow in the surface may 
have originated at a very early time in 
history, and that the adjusting vascular 
changes already may have been developed 
by the amphibia and subsequently passed 
on to the reptiles from whom this 
mechanism was then inherited by the 
warmbloods. 

In the amphibia, dermal vascularity 
serves and probably must have served in 
the remote past as a necessary adjunct 
to their notable dependence on supple- 
mental dermal respiration. In keeping 
with the general principle of size trends 
and specialization we can surmise that 
these earliest semiterrestrial and terres- 
trial tetrapods were probably small and 
unarmored, characters that would increase 
the effectiveness of accessory dermal 
respiration. 

Transitional stages in the development 
of the reptiles to the fully evolved rep- 
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tilian type with wholly dry skin and pul- 
monary respiration would profit by the 
employment of these same mechanisms 
for dermo-vascular heat absorption be- 
cause of the reptile’s dependence on ex- 
ternal sources of heat and their need for 
regulation of body temperatures. 

The reason for noting the dermal- 
vascular-respirational complex in the am- 
phibia is based on the apparently uni- 
versal dependence of these animals on 
accessory dermal respiration through 
what of necessity must be a moist skin. 
Because of amphibian dependence on this 
supplemental gaseous exchange at the 
skin’s surface, this accessory respiratory 
organ must be maintained in a moist con- 
dition and hence it must be supplied with 
blood at all times in order to maintain 
this essential moisture under conditions 
of varying atmospheric humidity. Addi- 
tionally, higher environmental tempera- 
tures should be normally accompanied by 
a compensating increase in blood circu- 
lation at the respiratory surface since 
higher body temperatures produce in- 
creased metabolic rates and hence rising 
demands for O, and the dissipation of 
CO, in all known terrestrial organisms, 
furthermore rising temperatures are nor- 
mally accompanied by increased evapo- 
rative rates. 

Evidence that these compensatory der- 
mal changes actually take place may be 
deduced from the well known fact that 
the temperature of amphibians is essen- 
tially that of the wet bulb thermometer 
and that a rapid increase of moisture to 
the skin can be effected only by a com- 
pensating vascular flow. Crude confirma- 
tion also may be obtained by observations 
of changes in the capillary flow in the 
feet and webs of amphibians, although 
precise direct observations should be ob- 
tained by experimentation on terrestrial 
albino amphibia where vascular changes 
in the integument should be easily ob- 
servable and could be recorded by use of 
infrared photographs. 

Adaptations in the form of supple- 
mental respiration employing vascular 
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changes in accordance with the respira- 
tory needs in the ancient amphibia from 
among whom arose progressively the 
dryer-skinned lung breathing reptilia, 
would presumably set the stage for der- 
mal heat-regulation by basking, in suc- 
cessive stages of reptilian evolution and 
ultimately the transitional stages of ecto- 
therm to endotherm heat metabolism. 


VALIDITY OF EXPERIMENTAL ANIMAL 


In order to test for the existence of rep- 
tilian thermovascular mechanisms in the 
skin it is necessary to employ modern 
and highly evolved reptiles which raises 
the question of the advisability of employ- 
ing them as criteria for paleophysiologi- 
cal phenomena. It is of course impos- 
sible to state the degree of reliability of 
physiological-ecological concepts pertain- 
ing to extinct animals when these con- 
cepts must be based on evidence derived 
from any living animal whether mammal, 
bird or the amphibians and reptiles, all of 
them creatures which presumably have 
accumulated numerous adaptations nec- 
essary for existence under present condi- 
tions, nevertheless these organisms are 
the only remaining samples of any kind 
by means of which we may hope to throw 
light on the living conditions of now ex- 
tinct forms of animals. 

With this possible evidential defect in 
mind we may nonetheless assume the 
probability that where only physical and 
chemical laws are involved, studies of 
modern forms may throw at least a little 
light on past biological events when such 
unchanging phenomena as respiratory ex- 
changes of gases, or surface volume rela- 
tionships in rate of temperature change, 
or the influence of temperatures on chem- 
ical reactions are employed. These physi- 
cal and chemical phenomena certainly 
have not been subject to change during 
biotic time. 

Although modern reptilia, including 
our experimental animal Dipsosaurus dor- 
salis, may be only scarcely related to 
the archaic reptiles they are nonetheless 
subject to the limitations of physical laws 
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that would be involved in the heating and 
cooling of creatures that depend on ex- 
ternal sources of heat. On this basis we 
may assume that these animals approxi- 
mate the physical and some physiological 
relationships to heating and cooling that 
would be found in archaic forms of ecto- 
thermic organisms such as most if not 
all of the evolving reptiles as well as 
incipient or semiwarm bloods such as the 
heterotherms. 


TEMPERATURE: ECTOTHERM VERSUS 
ENDOTHERMS 


Because of the still commonly employed 
terms that provide a basis for uncritical 
thinking it is asserted that cold animals 
live “at the temperature of their inviron- 
ment.” This gross oversimplification in 
terminology should be abandoned because, 
in fact, reptile temperatures may differ 
very greatly under a complex of environ- 
mental conditions but most notably in 
those forms that for their body tempera- 
tures are dependent on basking in the 
sunlight. 

Unlike the warmblooded animals with 
a normal heat flow that passes from their 
warm body to a normally cooler environ- 
ment, cold blooded terrestrial creatures 
depend on apparently primitive reverse 
functioning of this process and they draw 
their heat from their environment which 
for many (possibly all) at one time included 
more or less direct solar radiation. Ex- 
cept when they moved into an environ- 
ment cooler than their bodies the neces- 
sary flow of heat for the ectotherms must 
have been from their environment into 
their bodies as compared with the usual 
outward flow of heat in the endotherms, 
i.e. from body to the environment. 

This role of the body surface as a 
source of necessary ectotherm heat led 
to the speculations (Cowles, 1946) that 
fur and feathers or other insulating ex- 
ternal structures would have been dele- 
terious to all externally warmed organ- 
isms except under conditions requiring 
protection from too great amounts of ex- 
ternal heat, most notably from excessive 
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solar radiation. Under cool or cooling 
conditions the interposition of any heat 
occluding barrier between a cold blooded 
animal and its source of heat would still 
further deprive the organism of the ad- 
vantage of warmth. Conversely the in- 
ternal generation of heat by a naked- 
surfaced animal under such cooling or 
cold conditions would impose the neces- 
sity for very great and possibly unattain- 
able increases in their requirements for 
food and for rapid digestion, and the 
attainment of the latter would be ex- 
tremely doubtful if the enzymes of both 
the present day ectotherms and the warm 
bloods resembled those of their ancestral 
forms. 


INSULATION IN AN ECTOTHERM 


The effects of covering a present day 
cold blooded animal with insulating fur 
(a crude “wrap-around” of mink!)* are 
shown in figures 1 and 2, and they illus- 
trate the workings of a principle that 
could be calculated equally well but 
apparently less convincingly by simple 
mathematics. More effective insulation 
could be achiewed by employing a duck- 
ling or a gosling down “wrapper” and 
the more efficient the insulation employed 
the greater would be the retardation of 
both warming and cooling. From these 
graphs it can be seen that the animals 
might tend to profit from insulation by 
their retention of heat when once warmed, 
but this advantage would in turn be can- 
celled by the retardation in warming rates. 
For diurnal heliothermic animals there 
might be some extension of activity dur- 
ing the latter part of each day ,but a de- 
layed or late start each morning would 
incur a penalty. For nocturnal animals 
there would seem to be similar cancella- 
tions of advantages and disadvantages, 
the disadvantages being aggravated by 
evaporative cooling if the insulated cov- 
ering had absorbed either dew or rain. 

Because of these purely physical rela- 





3 Class assignment experiment by Mr. Rich- 
ard C. Grossman. 







































30F 


en 









ore 
—_ Semmes we covers sommes 





25 


RAYMOND B. COWLES 








i5 30. 45 60 















45¢ 


75 90 i055 SC I20~—~C35SCS 
MINUTES 


Fic. 1. Differential heating and cooling rates in fur-insulated 
and uninsulated lizards. Exposure to heat source 12 minutes for 
Sauromalus and 18 minutes for Dtpsosaurus. 
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Uninsulated Dipsosaurus dorsalis. 
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tionships to heating and cooling it is rea- 
sonably safe to assume that, since the 
dermal layers in cold-blooded animals 
served as heat accumulators rather than 
heat dissipators as in the endotherms, this 
surface heat would reach the deeper tis- 
sues and viscera by the very slow process 
of simple tissue conduction unless it was 
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Fic. 2. Pre-chilled to approximately 15° C., exposed to heat 
capable of increasing temperature to + or — 43° C. and returned to 


---+-+-+--- Fur-insulated Dipsosaurus dorsalis. 


—  Uninsulated Dipsosaurus dorsalis. 


accelerated by an effective extension of 
a vascular system that in a_ perfected 
state should promote heat distribution 
from the dermal collector to the muscu- 
lar and visceral areas where it would be 
needed. To serve this purpose the skin 
on being warmed should be flushed with 
the cooler arterial blood in order that 
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TABLE 1 
Elapsed time to absorption 
Cloacal 
Bleb temp. Cold side Hot side Cold Hot 

1 0.5 cc 19.5°C. 16°C. 36.5° C. 60 min. 40 min. 
2 0.2 cc 30° 15 37.5 17 10 
3 0.3 cc 28° 8 44 23 10 

Av. 33 20 





the deeper tissues should be warmed by 
the returning venous flow. Furthermore, 
in order to promote maximum efficiency 
under marginal conditions, the cool or 
cold, ie. the shaded non-irradiated 
ground-contacting ventral surfaces of the 
skin should remain with constricted ar- 
terioles, and virtually emptied capillaries 
and venules. This is essentially the same 
type of mechanism that functions for heat 
conservation in the endotherms, and if 
this vascular functioning can be demon- 
strated in modern reptiles and postulated 
for reptiles ancestral to the warm bloods, 
we may consider vascular shunting adap- 
tations from amphibians through the rep- 
tiles but especially in the latter, as pre- 
adaptations that were needed in order to 
set the stage for the successful evolution 
of warmbloodedness. 


CHANGES IN DERMOVASCULAR FLOW 


Because of its heliothermic (basking) 
nature and its excellent eurythermal 
characteristics, and its availability and 
size, Dipsosaurus dorsalis, an iguanid 
lizard of the southwestern United States, 
was selected for experiments in testing 
differential dermal blood flow under dif- 
ferent localized skin temperatures. The 
loose flabby surface of Sauromalus, the 
chuckawalla, prevented their use in these 
experiments. 

In a preliminary series of experiments 
0.2 cc, 0.3 ce and 0.5 cc of water were 
hypodermically injected into the subject 
so as to form small but conspicuous blebs 





or swellings. The injection sites were 
dorsolateral, on opposite sides of the 7th 
dorsal light spot counting anteriorly from 
the center of the pelvis, and far enough 
from the center line so that one bleb 
could be heated by localized infrared il- 
lumination while the other was being 
cooled by applications of ice. Through- 
out the experiment each of three animals 
was tied by its legs to a small operating 
board and flexions of the body were com- 
pensated for by manual movement of the 
ice or radiant heat source. The rate of 
dissipation of the subdermal water glob- 
ules proceeded as illustrated in table 1. 

It is significant that despite the permu- 
tations of hot and cold lateral tempera- 
tures, the size of the bleb, and the over-all 
body temperatures as represented by clo- 
acal readings, in all instances the rates 
of absorption (interpreted as indicating 
the corresponding rates and volume of 
vascular circulation), were markedly most 
rapid on the heated side. 

In order to “load” the experiment 
against the theory, fractionally more wa- 
ter was injected on the warm than on 
the cold side. 

In a second series of experiments de- 
signed to test for the existence of vascular 
responses and the heat transporting adap- 
tations to thermal differences, an ice pack 
was adpressed to one side of the animal 
and radiant heat from an infrared lamp 
was then directed against the opposite 

* The experimental animals were furnished 
through the courtesy of Charles Shaw, curator 


of reptiles, San Diego Zoological Park, San 
Diego. 











































side, and the thermal gradient through 
the skin was obtained by means of con- 
stantin copper thermocouples and a re- 
cording potentiometer. 

These experiments were conducted on 
the working hypothesis that if there are 
differences in vascular flow in accordance 
with changes in skin temperature then 
heat should be rapidly dispersed through- 
out the body by means of either or both 
an enhanced volume or rate of blood flow, 
and that if there is such a mechanism 
the temperature immediately beneath the 
heated skin would more closely corre- 
spond to the temperature of the body as 
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measured in the cloaca than to its heat 
receiving surface. Conversely if blood 
flow in a cold or chilled skin is retarded 
the chilled area and its adjacent tissues 
should demonstrate localized cooling and 
hence the temperatures should deviate 
markedly from temperatures noted in the 
cloaca to which heat must be transported 
from the surface. In effect, absorption 
and dispersal of heat throughout the body 
should supplement the information ob- 
tained by the dispersal rates of the water 
blebs. 

The results of these simple experiments 
which were designed to reveal the degree of 
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ipsosaurus dorsalis. The approximately 16° C. difference be- 
tween the skin surface E and immediately below the skin D is 
indicative of the heightened efficiency of vascular heat transport 
under a warmed skin. The much reduced blood flow-heat move- 
ment on the cooled side is indicated by the mere 4° C. difference 
between A, the skin surface, and B, its undersurface, as well as 
by the great disparity between B and the cloaca C when compared 
with D and C. 
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conformity of changing dermal circulation 
with the theoretical construct are plotted 
in the accompanying graphs showing the 
temperature gradients across the skin of 
animals that were simultaneously cooled 
on one side of the body and heated on 
the other. 

Figure 3 demonstrates that in accord- 
ance with the theory, the thermal gradient 
across the skin is notably steeper on the 
hot E to D than on the cold side, A to B. 
That there should be so little thermal 
conformity between the heated outer sur- 
face of the skin and the underlying area 
less than a millimeter distant, is indica- 
tive of the efficient transportation of heat 
by means of a large vascular flow in the 
intervening tissues, whereas on the con- 
trary the lack of such a steep gradient on 
the cold side indicates that there is little 
vascular intervention in the depletion of 
local heat. On the cold side, external and 
subdermal temperatures are more nearly 
alike because the reduced flow of blood 
and resultant retardation of its movement 
from the deeper tissues fails to modify 
greatly the locally chilled surface area. 
The near conformity of subdermal tem- 
perature D and cloacal C indicates that 
heat from the skin dominates the body 
temperature and that through reduced 
flow the influence of the cold side is 
blocked. 

Figures 4 and 5 present the results of 
differences in thermal gradients employed 
as a check on the validity of the assump- 
tions drawn from observations presented 
in figure 3. 

In two cross checks against the pre- 
vious experiments an animal was first 
heated and then chilled (at about minute 
20), the result being plotted in figure 4. 
The test was then reversed and the ani- 
mal was started at a low temperature and 
warmed as shown in figure 5. 

In the first check (fig. 4) when sub- 
jected to heating the temperature of the 
skin surface and the tissues immediately 
adjacent to its inner surface showed a 
wide difference even though the thermo- 
couples were less than a millimeter apart, 
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a clear indication of rapid transportation 
of heat from the skin by the passage of 
cooler blood from deeper levels and its 
uptake of heat. On chilling (see at min. 
20) there was a precipitous drop at the 
surface of the skin followed by a much 
retarded fall in subsurface temperature 
and ultimately by an almost identical skin 
surface-skin subsurface temperature that 
was accompanied by barely perceptible 
thermal change in the cloaca. These ob- 
servations indicate a rapid diminution in 
the surface circulation and a conductively 
rather than a circulatively penetrating re- 
duction in the local temperature. 

In the second check (fig. 5) radiation 
was directed against the skin surface of 
a cooled animal. A sharp rise in both 
the outer and inner skin surface tem- 
peratures resulted, but this was soon fol- 
lowed by an increasing divergence as cir- 
culation increased and the incoming heat 
was carried from the skin and circulated 
deeper into the body until an equilibrium 
was approached. Body temperature as 
represented by the cloaca levelled off as 
a result of heat loss from the ventral sur- 
face to the substratum and heat gain from 
the radiation. 

These phenomena can be accounted for 
only by changes in rate or volume, or 
both in the dermal and subdermal circula- 
tion effecting transport and a blending of 
all blood heat. 

It is possible that the increased flow 
of blood that accompanies dermal heating 
and the resultant transport of heat from 
the surface may also serve in protecting 
the skin from uncomfortably high or dam- 
aging insolation. This function might be 
of considerable importance to animals ex- 
isting under arid or semiarid conditions, 
especially in those that lacked a heavily 
cornified or thick-scaled covering. 

The discontinuities in the graphs oc- 
curred whenever the animal gulped air 
and thus bloated the thoracic and abdom- 
inal areas, an act that apparently resulted 
in restricting the flow of blood in the skin 
and its vascular network. 
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Fic. 4. Effects of surface cooling on dermo-vascular flow in Dipsosaurus dorsalis. 
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Fic. 5. Effects of surface warming on dermo-vascular flow in Dtpsosaurus dorsalis. 


ALBEDO IN RELATION TO HEAT opinion is still divided as to whether the 
REGULATION pigmental gradient of dark to light from 
The role of an uninsulated skin as a 2reas of high humidity to those that are 


heat absorbing surface in ectothermic ter- arid, expresses physiological needs or 
restrial vertebrates revives the still un- Tepresents color adaptations for purposes 
settled arguments as to the utility or “pur- of concealment. 

pose” of animal pigmentation. Gloger’s Density of vegetation is also correlated 
rule (Gloger, 1833) is adequately de- with amounts of precipitation and humid- 
scriptive but is not explanatory and ity, and where vegetation is abundant 
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shadows comprise a larger percentage of 
darkness than where dryer conditions 
prevail. Lessened intensity of the cloud- 
filtered sunlight and the over-all darken- 
ing of the earth’s natural surface that re- 
sults from increasingly large amounts of 
moist and decomposing detritus addition- 
ally enhance darkening. Combining these 
factors simply reinforces the concept of 
an environment that itself approximates 
Gloger’s rule, with the animal life con- 
forming to the general albedo of the en- 
vironment. The situation perfectly fits 
both the requirements for concealing col- 
oration in animals, and the color gradient 
described by Gloger’s rule. 

That there are many adherents to ex- 
planations based on the functioning of 
dark pigment in absorbing heat is not 
surprising. Increased rainfall and hu- 
midity are almost invariably accompanied 
by a downward trend in environmental 
temperatures and it is therefore not sur- 
prising that so much emphasis has been 
placed on this physiological aspect of ani- 
mal albedo. It is entirely possible that 
both metabolic requirements and those for 
concealment of the animals are mutually 
supportive and thus produce as perfect a 
conformity to Gloger’s rule as could be 
expected by the proponents of either 
viewpoint. 

In order to clarify the situation insofar 
as vertebrates alone may serve the pur- 
pose, from what has been shown it would 
seem as though the ectotherms would be 
more responsive to the thermal factor 
than would be the endotherms and that 
because of their slowness and general 
helplessness, that they should be equally 
susceptible to the dictates of albedo as a 
dominant factor in concealing coloration. 
However, their very susceptibility to heat- 
ing requirements in cooler environments, 
which are notably prone to be areas of 
high humidity and precipitation, should 
make them conformists to the rule to an 
even greater degree than the more heat 
independent endotherms. And toward in- 
creasing humidities they do conform with 
no more exceptions to the rule than in 


355 


the endotherms. In this direction it is 
certainly possible that the need for both 
heat and concealment have a synergistic 
effect on compliance with the Rule. 

The answer to physiology versus con- 
cealment may be found in the ectotherms 
of desert regions where during active por- 
tions of their lives these extremely heat 
sensitive organisms are almost daily ex- 
posed to the grave dangers of overheat- 
ing (Cowles and Bogert, 1944). Under 
these conditions the variable albedo of 
most diurnal desert reptiles (Atsatt, 
1939) should serve the physiological re- 
quirements of heat protection and it prob- 
ably does afford an advantage to the 
animal although preliminary experiments 
(Cowles, unpublished) strongly suggest 
that even slight differences in body hab- 
itus may and often do cancel out the 
theoretical significance of the change in 
albedo. 

Under these circumstances it is neces- 
sary to turn to yet another source of 
information, namely the variations in color 
or hue of desert ectotherms on areas 
of differently colored substrata but un- 
der identical climatic conditions. When 
viewed from this standpoint these ex- 
tremely heat-responsive and _heat-sensi- 
tive animals do not conform to Gloger’s 
rule. With very few exceptions desert 
reptiles are prone to match very closely 
the substratum on which they are found. 
this conformity has been most closely 
measured by K. S. Norris (ms in press) 
employing a photocolorimeter and popu- 
lations of the sand dune lizard Uma, but 
even without such precise measurements 
as he reports, no experienced desert col- 
lector is unaware of the fact that it is - 
possible to seek out areas of some specific 
hue and obtain closely matching Phryno- 
soma platyrhinos (a lizard) and other 
species of reptiles. In this Phrynosoma, 
and in Crotalus cerastes (a sand dwelling 
rattlesnake) as in the populations of the 
pink Algodones sand dunes and the more 
pallid dunes of the Coachella valley, as 
well as in numerous other species of 
snakes and lizards, the imprint of color- 
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matching is clearly impressed on local 
populations. 

Probably the most informative color- 
matching is to be found in the reptilian 
residents of extensive black lava beds 
when their pigmentation is compared with 
those of closely adjacent regions. This is 
notable in the Amboy-Pisgah crater lava 
flows of the Mojave desert where the 
populations of rock-dwelling Sauromalus 
and Uta are permanently very black 
whereas those from nearby areas of nor- 
mal soil color have what might be called 
normal desert coloration. The unchange- 
able color of these animals indicates that 
the color is not a transient visual re- 
sponse but is innate and probably due to 
genetic factors. 

In all of these cases climatic conditions 
are identical as far as casual temperature 
studies reveal except that in the black lava 
beds conditions may be even hotter than 
on the more highly reflective deserts a 
few feet distant. 

I believe that there can be no doubt 
but that Gloger’s rule is expressed in 
desert reptiles only because they must 
match the soil color or be eliminated due 
to their conspicuousness. Even the con- 
spicuously changing albedo of such spe- 
cies as Dipsosaurus dorsalis and Calli- 
saurus ventralis for example is accom- 
panied by even more intense changes of 
diurnal illumination and glaring reflection 
from the soil surface, and hence their 
change may be more important for cam- 
ouflage than for heat regulation. 

The great temperature changes that 
many reptiles can achieve through flat- 
tening their body on a hot substratum or 
elevating it out of such contact or even 
by mere movement from sun to shade 
may be more effective in heat control than 
degree of albedo. 

In order to live, all vertebrate ecto- 
therms are certainly dependent upon ac- 
cumulating adequate amounts of heat from 
their surroundings and, of equal impor- 
tance, avoiding the deleterious or lethal 
effects of overheating. They exist in a 
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precarious thermal balance and are sub- 
ject to many thermal vagaries in environ- 
ment. Nonetheless they are also suscep- 
tible to such a high degree of predation 
that despite the possible benefits that might 
accrue from albedos adjusted solely to 
their thermal needs, predation appears to 
force a compromise that is largely bal- 
anced in favor of concealment. 


CoNCLUSION 


The dermal surface and its contained 
vascular systems in the cold bloods, the 
ectotherms, served first as a supplemental 
respiratory organ in the amphibia, then 
as a heat collector and disperser in the 
reptiles and finally as an essential tem- 
perature regulator for the endotherms. 
In each of the shifts of function the 
thermal reaction expressed in terms of 
changed blood flow was the same, namely 
contraction under cold and expansion 
under heat. 

Since the skin and its contained vascu- 
lar mechanisms is essential to reptiles as 
a heat collector and disburser, the inter- 
position of barriers to heat absorption, 
i.e. fur, feather, or hypodermal adipose 
tissue would be harmful except where 
surplus heat is a problem, and the reduc- 
tion in effective heat collecting and the 
heat distributing blood flow would retard 
body warming. To demonstrate some 
aspects of thermal adaptations three sim- 
ple experiments were devised: 1) insula- 
tion of the body skin by a fur “coat,” 
2) absorption of water blebs beneath the 
skin, and 3) analysis of the thermal gra- 
dient through the skin. 

In each case the results conformed to 
the theory and the conclusion was drawn 
that vascular blood shunting originated in 
the amphibia to serve respiratory needs, 
was then employed in the reptilia to ab- 
sorb heat, and in the warm bloods to 
regulate but, except for cold-environment 
species, more particularly to dissipate 
excess heat. 

If the evidence and the arguments 
prove acceptable, we may assume the 
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probability that these preadaptations in 
the dermo-vascular system began to set 
the stage for vertebrate warmbloodedness 
in the tetrapods as long ago as possibly 
Devonian times. Because the skin is a 
heat absorbing mechanism for the ecto- 
therms, Gloger’s rule should be particu- 
larly applicable to them, but where con- 
formity of their color to their backgrounds 
in desert regions where vegetation and 
vegetational debris do not masque the 
varicolored ground surface they show no 
evidence of the rule nor do they support 
the concept that color is a physiologic 
advantage rather than a _ concealing 
mechanism. 
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INTRODUCTION 


It has been pointed out (Battaglia, 
1957) that most favorable opportunities 
for studies on evolutionary changes in 
marine environments are offered by dis- 
tricts of the sea in which the environ- 
mental heterogeneity is greatest, e.g. 
brackish waters and regions with exten- 
sive tidal zones. Such districts are likely 
to contain intense selective forces and 
isolating factors which may favor adap- 
tive divergence. This divergence may be 
greater and more easily perceptible than 
that in more uniform marine environ- 
ments. 

Forms of life with easily identified 
genetically caused variants are particu- 
larly favorable for study. Some species 
of benthic copepods exhibit more or less 
striking polymorphism in natural popu- 
lations. Tutsbe reticulata, a harpacticoid 
copepod, is one of such species. Other 
polymorphic copepod species are Para- 
dactylopodia brevicormis Claus, Paradio- 
saccus varicolor Farran, Amphiascopsis 
cinctus Claus (Monard, 1928), Scutel- 
lidium longicauda Philippi (Brian, 1921), 
and some species of Porcellidium (Boc- 
quet, 1947; Battaglia, 1954). Among 
these, Tisbe reticulata is for a variety of 
reasons most favorable for genetic analy- 
sis of the polymorphism. 


VARIATIONS OF THE COLOR PATTERN IN 
NATURAL POPULATIONS 


Socquet (1951), who first studied the 
populations of Tisbe reticulata at Ros- 
coff (France), discovered that the poly- 
morphism in this species may be ac- 
counted for by the action of a small 
number of genes. The Roscoff popula- 
tion contains 7 “major” and some further 
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“minor” variants. The major forms are 
trifasciata, vialacea, idoea, pallida, nivea, 
maculata, and avellana. The forms tr- 
fasciata, maculata and trifasciata X ma- 
culata heterozygotes make up about 95 per 
cent of the Roscoff population. 

In the brackish waters of the lagoon 
of Venice, Tisbe reticulata has fewer ma- 
jor forms, corresponding in part to those 
found at Roscoff (Battaglia and Pulze, 
1957; Pulze, in press). The form ¢ri- 
fasciata is quite rare in Venice, while 
violacea, maculata, and punctata are fre- 
quent. The form punctata is known from 
Venice only. The frequency of violacea 
is 30-37 per cent at Venice and less than 
5 per cent at Roscoff. There exist other 
differences between the two populations. 
Thus, whereas at Roscoff the polychro- 
matism of some forms is confined to the 
female sex, at Venice all the major forms 
may be recognized in both sexes, al- 
though the pigment distribution is not 
always the same (fig. 1). 

Other differences between the two pop- 
ulations concern characters which are 
quite interesting because of their adap- 
tive significance, such as the ability to 
tolerate variations in the salt content of 
the water. Tisbe from the lagoon of 
Venice can stand salinities much lower 
than Tisbe from  Roscoff (Battaglia, 
1958). Besides, there are genetic differ- 
ences arisen presumably in response to 
ecological dissimilarities between the ma- 
rine and the brackish water environ- 
ments. Thus, crosses between the Venice 
and Roscoff populations show abnormal 
sex-ratios in the offspring. This sug- 
gests a certain degree of genetic incom- 
patibility. 

The differences described above made 
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it necessary to analyze the genetics of 
polymorphism in the population of the 
lagoon. The situation here is simpler 
than in Roscoff, owing to a lower num- 
ber of major forms, reduced minor vari- 
ability, and the possibility of recognizing 
the forms also in the males. The results 
of the crosses so far made suggest that 
the polymorphism in the lagoon popula- 
tion has a simpler genetic determination 
compared to that of Roscoff. The com- 
parison, based only on the literature, does 
not permit any inference about the ways 
in which the differences in the genetics of 
polychromatism have arisen. 

The genetic analysis will be reported 
in detail elsewhere. The purpose of 
the present paper is to describe a phe- 
nomenon of some importance from the 
standpoint of the adaptive and evolution- 
ary properties of the species, namely a 
greater viability of the heterozygotes for 
certain genes, compared with the homo- 
zygotes. 


CROSSES 


The crosses in the laboratory are made 
with the following standard technique. 
Single mature females are put in glass 
vessels with 100 cc of filtered sea water 
(salinity, 35 p. mille), 2 cc of a culture 
of Chlamydomonas, one or two small 
pieces of wheat seeds, boiled in fresh 
water for about 20 minutes, and a frag- 
ment of the green alga Ulva lactuca. 
Small amounts of Chlamydomonas are 
added to the cultures every 4th or 5th 
day. The cultures, covered with glass, 
are kept at 18° C., in a constant tempera- 
ture room supplied by the Rockefeller 
Foundation. In these conditions F, fe- 
males carrying egg-sacs appear in the 
cultures after some 14 days. The male 
development takes a slightly shorter time. 
In order to obtain virgin females it is 
necessary to isolate single young copepo- 
dite stages before sex becomes apparent. 
This unavoidably involves a great amount 
of work, but it is possible that some fe- 
males may be fertilized even before the 
last moult has taken place. 


BRUNO BATTAGLIA 


The crosses have been made utilizing 
true breeding strains of the three major 
forms maculata, violacea and trifasciata 
obtained by several generations of selec- 
tion. The animals which in the tables 
are reported as violacea (heter.) are the 
F, progeny of cross violacea X trifasct- 
ata, which consists only of vtolacea ani- 
mals; the animals reported as maculata 
(heter.) are the F, of the cross maculata 
x trifasciata, which consists only of mac- 
ulata. The data are reported in Table 1. 
The results of reciprocal crosses are alike. 
Altogether, about 400 crosses have been 
made and more than 20,000 individuals 
scored. Only adults have been classified 
and scored because the animals show 
their color patterns perfectly developed 
only in the adult stage. Each female may 
lay up to 7-8 egg sacs. However, for 
practical reasons we had to confine our 
counts to the progeny obtained from the 
first two. 

The results are consistent with the 
view that the color pattern of Tzsbe 
reticulata from the lagoon of Venice is 
controlled by a series of multiple alleles 
of the same locus, VY, V™ and v. The 
allele VY, in the homozygous condition 
or together with v over which it dom- 
inates completely, is responsible for the 
form violacea; the aliele V™, in the homo- 
zygous condition or together with v, is 
responsible for the form maculata; the 
heterozygote VY V™ is a hybrid clearly 
showing the characters of both; the 
homozygosity for the recessive v_ pro- 
duces the form trifasciata. 


THE ADVANTAGE OF THE HETEROZYGOTES 


The ratios observed agree with the ex- 
pected ones in most crosses. For some 
types of crosses, however, the deviation 
from the expected ratios is very signifi- 
cant. In the F, of the crosses violacea 
<x maculata (VYVY xX V™V™, table 2) 
this deviation is, in all the replicates, 
ascribed to an excess of the heterozy- 
gotes, VYV™, and to deficiency of both 
homozygotes, VYVY and V“V™. The 
excess of VYV™ can be detected in all 




















TABLE 1. 
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Summary of different crosses 


V = violacea, M = maculata, T = trifasciata, VM = hybrids violacea-trifasciata. 














Offspring 
Total 
Crosses V VM M si Joo & 2 QP Chi-Square 
V (het.) X Obs. 1,060 317 1,377 2,876 
V (het.) Exp. 1,032.75 344.25 P = .1-.05 
Diff. +27.25 — 27.25 
M (het.) X Obs. 1,530 524 2,054 0.286 
M (het.) Exp. 1,540.5 513.5 P = .7-.5 
Diff. —-10.5 +10.5 
V (het.) X T Obs. 78 70 148 0.432 
Exp. 74 74 P = .7-.§ 
Diff. +4 —4 
M (het.) X T Obs. 49 59 108 0.925 
Exp. 54 54 P = .5-.3 
Diff. —5 +5 
VM xT Obs. 1,354 1,327 2,681 0.271 
Exp. 1,340.5 1,340.5 P = .7-.5 
Diff. +13.5 —13.5 
VM XV Obs. 395 396 791 0.001 
Exp. 395.5 395.5 P = .98-.95 
Diff. —0.5 +0.5 
VM X V (het.) Obs. 156 74 72 302 0.356 
Exp. 151 ta.S 75.5 P = .9-.8 
Diff. +5 —1.5 —3.5 
VM X M Obs. 22 21 43 0.023 
Exp. 21.5 21.5 P = .9-.8 
Diff. +0.5 —0.5 
VM X M (het.) Obs. 91 127 164 382 14.418 
Exp. 95.5 95.5 191 P < 0.001 
Diff. —4.5 +31.5 —27 
V X M Chet.) Obs. 44 48 92 0.043 
Exp. 46 46 P = .9-.8 
Diff. —2 +2 
M X V (het.) Obs. 88 85 173 0.052 
Exp. 86.5 86.5 P = .9-.8 
Diff. +1.5 —1.5 








those crosses whose offspring is  suf- 
ficiently numerous. Thus, an excess can 
be found also in the F, of the crosses 
VYV™ x V™v and of the crosses VYv X 
V™y (table 4). In the latter there is 
also a deficiency of the recessive homo- 
zygote vv. 

In the experiments reported here lar- 





val mortality has been usually rather 
high. Obviously the heterozygotes sur- 
vive to the adult stage better than do the 
homozygotes, and the differential survival 
is the greater the more severe are the 
conditions of the cultures. To make this 
point clear, consider briefly the results 
of the crosses violacea X maculata (table 
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TABLE 2. 
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Summary of the counts in the F2 of the crosses maculata X violacea 

























































VY VY, VY V™ and V" V™, calculated 
from the data in table 2 














Genotype 
Culture ---- - on 
condition vv" vVyM vVMyM 
I 
(high 0.660 1 0.615 
crowding) 
II 
(medium 0.675 1 0.758 
crowding) 
IT] 
(low 0.893 1 0.901 
crowding) 
2) made with three culture methods. 


The differences consisted in the degree of 
crowding in the cultures, depending upon 
the number of broods produced by the 
females in the same vessel. In one ex- 


TABLE 4. 





Phenotypes 


The figures I, II and III refer to the three different degrees of crowding in the cultures. The 
crowding is higher in the condition I, medium in the condition II, lower in the condition III. The 
number of crosses made are shown in brackets. 

Phenotypes 
Culture Chi-Square 
condition Vv VM M Total df. =2 
I Observed 353 1069 329 
(51) Expected 437.75 875.50 437.75 1,751 86.191 
Difference — 84.75 +193.50 — 108.75 P < 0.001 
II Observed 343 1015 385 
(55) Expected 435.75 871.50 435.75 1,743 49.281 
Difference —92.75 +143.50 — 50.75 P < 0.001 
Ill Observed 904 2023 912 
(55) Expected 959.75 1919.50 959.75 3,839 11.195 
Difference —55.75 +103.50 —47.75 P = 0.01- 
0.001 
TABLE 3. Relative viability of the genotypes periment (condition [) the female par- 


ent was left in the culture all the time. 
The F, individuals were scored about 
five days after the first adults had ap- 
peared in the culture; since in 5 days the 
females have laid 2 egg sacs, the individ- 
uals of the first and second sacs were 
counted. About 17-18 days had elapsed 
since the culture was started. At that 
time the female parent had produced 
around 5 broods, of which only two con- 
sisted of adults, although many other in- 
dividuals in various larval stages were 
crowding the culture. 

In a second experiment (condition IT) 
the female parent was removed from the 
culture soon after the deposition of the 
second brood. In a third experiment 
(condition III) the female was removed 
and transferred to another vessel after 
having laid the first brood; consequently, 
each of the two broods developed with- 


Offspring of 42 crosses maculata (heterozygote) XK violacea (heterozygote) 


—_—_——_—_— —— ——_—__—_—_—_~ Chi-Square 
V VM M _ Total df. =3 
Observed 491 523 481 446 
Expected 485.25 485.25 485.25 485.25 1941 6.217 
Difference +5.75 +37.75 —4.25 — 39.25 P = 0.20- 


0.10 
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out the larvae of other broods in the same 
culture. At the conditions I, II, and III 
the crowding and larval competition were 
accordingly high, medium, and low re- 
spectively. 

When the conditions of the cultures 
approach the optimum, the differential 
mortality between homozygotes and het- 
erozygotes occurring during the period 
egg—adult becomes appreciably reduced. 
This is clear from table 3, in which the 
relative viabilities of VY VY, VY V™ and 
V™“ V™ are reported. These figures have 
been calculated with the method followed 
by da Cunha in his analysis of poly- 
morphism in Drosophila polymorpha 
(1949). Taking the viability of the het- 
erozygote VY V™ to be unity, the survival 
values of the homozygotes have been ob- 
tained dividing their observed numbers 
by half the observed numbers of the het- 
erozygotes in the F, of the crosses VY VY 


x V“V™. The data do not permit to 
establish directly if the heterozygotes 


VY v and V™“ vy are also more viable than 
the respective homozygotes under the 
conditions of the experiment. The anal- 
ysis is difficult owing to the complete 
dominance of the alleles VY and V™ over 
v, which makes the heterozygotes pheno- 
typically undetectable. 

However, by comparing the F, of the 
crosses VY vy X V“ vy (table 4) with the 
F, of the crosses VY VY xX V“ V™ (table 
2), one can infer the existence of a slight 
advantage also for the heterozygotes VY v 
and V™“y. In the crosses VY v X V¥v 
the mortality was for some reason quite 
high, and yet the deviations from the 
Mendelian ratios 1 VY VV“: 1 VYv: 1 
V™y: 1 vv are not as great as the de- 
viations from the expected ratio 1 VY VY 
> 2 VYV™: 1 V™V™) observed in the 
F* of the crosses VY VY X V¥ V™__ This 
suggests that the survival values of the 
heterozygotes VY V™, VY v and V™ are 
about alike. 

The relative viabilities of VY V™, VY v, 
V™ v and vv, calculated from the data in 
table 4, taking the viability of VY V™ to 
be unity, and dividing the observed num- 
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bers of the other genotypes by the ob- 
served number of VY V™, are the follow- 


ing : 


Vv v™M VYv VM vy VV 
l 0.938 0.919 0.852 
CONCLUSIONS 


The data reported above show that the 
polychromatism in the copepod Tusbe 
reticulata from the lagoon of Venice is 
caused by three alleles of a single locus, 
VY, V™ and v. Of course, the possibil- 
ity cannot be excluded that groups of 
closely linked loci, rather than a single 
gene, are involved (cf. Ford, 1955). We 
adopt the simpler hypothesis of three al- 
leles of a single gene, since this hypoth- 
esis fits the data. 

The most interesting result of the ex- 
periments reported here is the demon- 
stration of a higher viability of the het- 
erozygotes compared to the homozygotes. 
This is proved for one of the three pos- 
sible heterozygous combinations, but 
there are indications of heterosis also in 
the other two heterozygotes. It follows 
that the polymorphism in Tisbe is bal- 
anced. Although the available data do 
not permit estimation of the relative via- 
bilities of the carriers of various geno- 
types in nature, the case of Tisbe may be 
added to the few other known of appar- 
ently single gene heterosis (Dobzhansky, 
1951; Lerner, 1954). The situation in 
Tisbe bears a striking resemblance with 
the one described by da Cunha (1949) in 
Drosophila polymorpha. This species 
shows three color types of the abdomen 
controlled by a single pair of alleles. The 
heterozygotes, which are phenotypically 
intermediate, exhibit heterosis in labora- 
tory experiments, the excess of the het- 
erozygotes being smaller under optimal 
conditions. 

As to the mechanism through which 
selection operates in favoring the hetero- 
zygotes, we can only say that there is 
differential mortality between the egg and 
the adult stages. Experiments are in 
progress to study other physiological 
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properties which may endow the hetero- 
zygotes with superior qualities. 

Under the conditions of our experi- 
ments the adaptive values of the different 
genotypes seem to be the following: 


V° V*2V"v, V*=*"> VV" VV", ond 
YM y™M > VV 


Some preliminary observations suggest 
that the adaptive values can be modified 
by some environmental factors such as, 
for instance, the salt content of the water 
(Battaglia, 1954a and unpublished data). 
Heterosis in Tisbe maintains the genetic 
variability. This is in addition to other 
mechanisms which operate through a dif- 
ferential adaptation of the various forms 
to different environments. 


SUM MARY 


The harpacticoid copepod Tisbe rettcu- 
lata is a polymorphic species. Its various 
forms differ from one another in the dis- 
tribution and intensity of the pigment on 
the cephalothorax and on the free thor- 
acic segments. 

In the brackish waters of the lagoon of 
Venice, four major forms have been 
found. The results of crosses show that 
the color patterns, in this population, are 
due to a series of three alleles, VY, V™, 
and v. VY and V™ are dominant over 
the common recessive, v. The heterozy- 
gotes VY V™ are phenotypically recog- 
nizable. The progenies of the crosses 
show that, at least under laboratory con- 
ditions, the heterozygote VY V™ is more 
viable than the corresponding homozy- 
gotes. The same probably holds also for 
the heterozygotes VY v and V™“ vy. 

The relative viabilities are modified by 
the degree of crowding, and therefore by 
larval competition, in the cultures. The 
greater the crowding the greater becomes 
the relative frequency of the heterozy- 
gotes. 
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It is generally believed that the De- 
vonian period, during which the first 
tetrapods arose, was a time when the land 
areas in which they took origin were 
subject to seasonal droughts or periods 
of aridity. The writer has on various 
occasions (1941, 1945, 1957, etc.) sug- 
gested that the raison d’étre for the early 
development of tetrapod limbs was not 
terrestrial life, but an adaptation for im- 
mediate use, aiding a water-dwelling ani- 
mal living under drought conditions to 
shift from drying pools to those of a less 
transitory nature.t This idea seems to 
have met with rather general acceptance, 
although a number of writers have re- 
cently suggested variations on this theme 
(for example, Orton, 1954; Goin and 
Goin, 1956). 

In a recent issue of this journal, Dr. 
Inger (1957) has presented a picture of 
early tetrapod evolution which he _ be- 
lieved to be in contrast with my sugges- 
tion. He argues that it is more reasonable 
to believe that the development of ter- 
restrial life took place under truly favor- 
able auspices rather than under semi-arid 
conditions and, as a corollary, urges the 
point of view that the red beds of the 
Devonian—the “Old Red Sandstone” and 
its equivalents—were deposited under 
conditions of continuous humidity, rather 
than, as generally assumed, of semi-aridity. 

Dr. Inger’s views and mine are not 
actually as divergent as might be as- 
sumed at first sight. I heartily agree with 
him, as discussed below, in his major 
thesis that the development of vertebrate 
terrestrial life took place under favorable 


1 This general thesis owed its inception to the 
suggestion of Watson (1926, p. 237) that the 
Carboniferous embolomeres used their limbs in 
this fashion. 
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conditions of temperature, humidity and 
other environmental factors. The seem- 
ing contrast is due to the fact that he has 
synapsed into a supposed single event 
two chapters in tetrapod history: (1) the 
development of limbs giving the poten- 
tiality of terrestrial existence, and (2) 
the utilization of these limbs for life on 
land. These two steps need not have been 
taken synchronously and, [ believe, were 
separated in time by many millions of 
years. 

What, actually, is known—or may be 
deduced—as to the climatic conditions 
under which such red beds as the Old 
Red sandstones of the Devonian were de- 
posited? The thesis advocated by Barrell 
(1916, etc.) and others, and rather gen- 
erally accepted, that red color is indicative 
of semi-aridity, has been opposed by one 
school of thought; Twenhofel (1932, pp. 
276-283) summarized early discussion, 
and Krynine (1949, etc.) is the most 
recent spokesman for the opposition. Un- 
der this point of view a warm climate and 
an abundant rainfall are the only factors 
necessary to produce red sediments, and 
the color is not in itself proof as to 
whether the rainfall was regular or inter- 
mittent. As Dr. Inger points out, the 
red color of much of the continental De- 
vonian is thus open to doubt as indicating 
the aridity of the habitat of the oldest 
tetrapods. But proofs of seasonal aridity, 
or semi-aridity, of a formation, are to be 
found in a variety of lines of evidence 
quite apart from color. (1) The nature 
of the sediments may furnish much sug- 
gestive data; no one criterion need be 
considered conclusive but the sum total 
of the stratigraphic picture often gives 
extremely convincing evidence. (Twen- 


hofel, 1932, pp. 132-140, 786-795 etc., 
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has summed up the older literature on 
the relation of sediments to climate.) We 
may note, for example, types of con- 
glomerates, arkoses and greywackes sug- 
gesting intermittent torrential action, cy- 
clical layers of sediments, mudcracks and 
ripple marks indicating repeated flooding 
and drying of ponds and playas, clay- 
pebble conglomerates and so forth. Two 
especially suggestive indications may be 
cited: (a) high-angle cross-bedding of 
sandstones which may also, in the nature 
of their contained rounded granules, af- 
ford evidence of subaerial deposition, and 
(b) the presence of evaporites—fre- 
quently, it may be noted, associated with 
red beds (Sloss, 1953). (2) Paleobotani- 
cal evidence may often be adduced; in 
many instances it points strongly toward 
a xerophytic nature of the flora or the 
contrary. (3) The nature of the fauna, 
and the conditions under which it appears 
to have lived—and died—may furnish 
further evidence. 

Although Krynine and others believe 
that redness is not necessarily indicative 
of aridity, it is interesting and perhaps 
significant that in fact most red beds with 
which the vertebrate paleontologist deals 
give strong evidence, on a variety of 
grounds other than color, of aridity or 
semi-aridity. It may be that the mud- 
flats of the Newark Triassic series of the 
eastern United States, in which Krynine 
has been especially interested, were not 
deposited under arid conditions, but other 
contemporaneous Triassic red series ap- 
pear to have been unquestionably arid or 
semi-arid. The red European Keuper is 
universally regarded as formed under 
semi-desert conditions (cf. Gignoux, 1955, 
p. 278). The geology of the western 
American Triassic red series—the Chinle 
~ and equivalents—is of similar nature, and 
I know of no more spectacular evidence 
of periodic aridity than the mass death 
of Triassic amphibians, obviously crowded 
together in a residual dying pool in the 
New Mexican Chinle, which I described 
some years ago (Romer, 1939). 

The Permian red beds, best developed 
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in the American Southwest, also show 
evidences of arid conditions (Olson, 1948, 
pp. 192-193; 1952, p. 184; Olson and 
Beerbower, 1953, pp. 418-419; Hills, 
1942, for example). As seen in the verte- 
brate collecting area of Texas, the lower 
part of the beds (the Wichita group) 
shows, in the presence of floras of both 
xerophytic and lush natures (cf. Darrah 
in Romer and Price, 1940, p. 176) and 
in a low percentage of evaporites, only 
mild aridity (and a low percentage of 
truly red beds). As we progress into 
the Clear Fork group, the indications of 
aridity increase (and red beds become 
dominant). The series in north Texas 
ends in the obviously highly arid red beds 
of the Double Mountain group, full of 
gypsum and other evaporites. 

At the lower end of the scale of the 
vertebrate paleontologist’s interests, the 
Silurian red beds were likewise deposited 
under conditions of aridity (Alling, 1928, 
pp. 55-56); the evaporites of these 
beds form one of the world’s major salt 
deposits. 

The picture presented by the Devonian 
red beds appears to fall into this general 
pattern of arid red deposits. The prin- 
cipal areas are those of the “Catskill” and 
other continental red beds of eastern 
North America and the Old Red sand- 
stone series of northern and eastern 
Europe. As far as I am aware, no in- 
tensive studies have been made of the 
sediments and their implications in the 
American “Catskill” deposits. The “Old 
Red,” however, has been studied in detail 
by a long series of workers, particularly 
in Great Britain, and in general such 
workers have long been in agreement that 
the sediments are strongly indicative of 
aridity. There has been no tendency in 
recent years to change this opinion 
(Gignoux, 1955, pp. 111-113); I may 
cite, as typical, the last two papers pub- 
lished on the British “Old Red” (Cape- 
well, 1955, pp. 39, 40, 42; 1957, p. 407), 
in both of which the author deduces arid- 
ity from the nature of the sediments 
studied by him. 
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The botanical evidence is inconclusive; 
for example, forests had developed by 
late Devonian times but there is no evi- 
dence as to the type of rainfall—regular 
or seasonal—under which they grew. 
As regards the vertebrates, I may cite 
one significant piece of evidence. The 
best known vertebrate locality in the 
American Upper Devonian is that at 
Scaumenac Bay, Quebec, from which 
thousands of specimens have been col- 
lected. If any good sample of the “catch”’ 
from that deposit be inspected, it will be 
found that over 95 per cent of the speci- 
mens consist of lungfishes, crossopteryg- 
ians and the antiarch Bothriolepis. In 
the first two types the presence of lungs 
is unquestioned, and Denison (1941) has 
demonstrated their presence in Bothrio- 
lepis as well. These surely are good 
aquatic fishes, not at all concerned with 
experiments in terrestrial life, and the 
situation is strongly indicative of seasonal 
droughts, in which lungs would have a 
strong adaptive value. 

Climatic conditions in the late Devonian 
thus appear to be unpropitious for the 
development of terrestrial existence. And 
even had the climate been favorable, an 
animal cannot subsist on climate. Like 
their crossopterygian ancestors, the early 
tetrapods appear to have been, univer- 
sally, eaters of animal food; there are no 
indications of possible herbivores until 
the appearance of diadectid and edapho- 
saurian reptiles in late Carboniferous 
days. And the potential food supply on 
land appears to have been meager. Dr. 
Inger points hopefully to scorpions, noting 
that one of the living varanid lizards sub- 
sists on them to some degree. Scorpions 
do not, however, appear to be too nour- 
ishing a base upon which to found a 
flourishing terrestrial vertebrate fauna. 
One may suggest the presence of Peri- 
patus-like forms or possibly some alto- 
gether unknown type of soft-bodied in- 
vertebrate which would normally escape 
preservation. But on the whole the pros- 
pects of successful vertebrate invasion of 
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the land in late Devonian times do not 
appear too promising to us. 

Nor did they, apparently, to the earliest 
amphibians of those days. For there is 
no indication that any vertebrate normally 
dwelt on land until many millions of years 
later, in the late Carboniferous. 

The Devonian ichthyostegids, of whose 
skeletons Jarvik (1955) has given a pre- 
liminary description, had small limbs, and 
were obviously primarily water-dwelling 
fish-eaters like their crossopterygian rela- 
tives. The Carboniferous amphibians are 
currently grouped in two main categories. 
In one, the lepospondyls, the limbs are 
always small, and are in several types 
strongly reduced or absent. (See, for 
instance, examples of lepospondyls figured 
by Cope, 1875; Moodie, 1916; and Steen, 
1938.) These animals are quite surely 
pond-dwellers, although some of the elon- 
gate forms may have been able to emerge 
from the ponds and writhe about the 
banks of their native swamps in eel-like 
or salamander-like fashion. In the more 
important group of the Labyrinthodontia 
the limbs are of small size in almost every 
Carboniferous form, and there is gen- 
erally no indication that any progress on 
land beyond short excursions would have 
been undertaken. The only articulated 
labyrinthodont skeleton from the Missis- 
sippian (Lower Carboniferous), that of 
Pholidogaster (Watson, 1929, pp. 230— 
233), shows a long-bodied short-legged 
animal, obviously a water dweller, and a 
series of undescribed disarticulated mate- 
rials suggests similar limb proportions in 
the only Mississippian amphibians known 
from North America. Remains from typ- 
ical Pennsylvanian deposits, such as Lin- 
ton labyrinthodonts pictured by Moodie 
(1916) and the embolomere “Fogyrinus” 
of Watson (1926, fig. 28), show that we 
are still dealing with small-limbed ani- 
mals which obviously were primarily 


water dwellers. 

Among the amphibians there is none 
that can be seriously considered as living 
to any extent on land until the appear- 
ance, toward the end of the Carboniferous, 
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of members of the Eryops group, prob- 
ably truly amphibious in habits, with 
sturdy if stubby legs, and—as the peak 
of Paleozoic amphibian progress toward 
land dwelling—the development in the 
early Permian of Cacops and other dis- 
sorophids. We are accustomed to think 
of the reptiles as definitely established on 
land from the beginning of their history, 
but as I recently pointed out (1957) 
many early reptiles, including various 
cotylosaurs and even pelycosaurs, had 
not advanced farther than an amphibious 
mode of life and were essentially piscivo- 
rous water-dwellers still. Only a few 
reptiles are known from the Pennsyl- 
vanian, and these from the later half of 
that period. The fact that most of our 
Pennsylvanian fossils are from coal 
swamp deposits gives the record a bias 
toward the preservation of water dwell- 
ers rather than terrestrial forms. But 
even after giving due allowance to this 
factor, it can be fairly stated that the 
evidence as a whole suggests that, despite 
the earlier development of tetrapod limbs, 
little advance toward the conquest of the 
land had been made by vertebrates until 
the Pennsylvanian—and very probably 
late Pennsylvanian, at that. 

In the Pennsylvanian—quite in con- 
trast to the Devonian—we find over great 
areas of the world climatic conditions, 
testified to by coal swamp deposits, of a 
sort which both Dr. Inger and I would 
agree were suitable for the emergence of 
tetrapods on to the land. And, further— 
and most especially—the evolution of in- 
sects had occurred. Here, at long last, 
was a supply of animal food upon which 
a base for terrestrial vertebrate existence 
could be established. 

The debt which the terrestrial verte- 
brates appear to owe to the insects can 
hardly be overestimated. The oldest in- 
sects, it would appear, were, like the early 
tetrapods, essentially amphibious, with 
aquatic larval stages. Like the tetrapods 
they were, in the Pennsylvanian, under 
favorable climatic conditions, making their 
way onto land for the first time (Carpen- 
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ter, 1947). Presumably aquatic insect 
ancestors and the aquatic larval stages of 
the first true insects were part of the 
normal food supply for at least the smaller 
aquatic amphibians. The first land-dwell- 
ing vertebrates may have accompanied 
their food supply ashore. 

To repeat: I agree completely with the 
view that the development of terrestrial 
vertebrate life took place under favorable 
climatic conditions. But the time at 
which this occurred was not the Devonian, 
when limbs first appeared, but many mil- 
lions of years later, in Upper Carbonif- 
erous days. 
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INTRODUCTION 


Probably no taxonomic category causes 
as much difficulty as the genus. A\l- 
though the number of formal definitions 
of the species is unbelievably large, in 
practice taxonomists agree to a remark- 
able extent on what constitutes a species. 
At the level of the family, the broad 
adaptive and phylogenetic outlines are 
sufficiently distinct to cause little dis- 
agreement about family boundaries. The 
genus, however, lies in an intermediate 
zone and generic boundaries are made to 
fluctuate in a very distressing fashion. 

The taxonomy of the North American 
fishes of the family Cyprinidae provides 
a good example of what can happen. 
Ichthyologists have agreed on the ap- 
proximate limits of the family for at least 
a century. Pratt’s (1923) manual of the 
vertebrates of the United States lists 28 
genera of cyprinids. The check-list of 
North American fishes (Jordan, Ever- 
mann and Clark 1930), published just 
seven years later, lists 63 genera—a two- 
fold increase. And a recent manuscript 
check-list by R. M. Bailey and R. R. 
Miller puts the number at 34. In the 
same interval the change in the number 
of full species recognized has been about 
half as great proportionately. Jordan, 
Evermann, and Clark list 270 species of 
cyprinids and Bailey and Miller only 200. 

Part of the difficulty results from a 
failure to recognize an important differ- 
ence between the species and the genus. 
Essentially the species is an analytic cate- 
gory. whereas the genus is a_ synthetic 
one. Another source of trouble is the 
manner in which genera are delimited. 

Philosophically minded taxonomists 
have long debated the “objective reality” 
of the genus. This argument does not 
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appear to be particularly fruitful, prob- 
ably because it does not concern the crit- 
ical question: Is the generic concept use- 
ful? This is the question we must ask of 
every scientific idea. If a concept helps 
us to order nature, to generalize observa- 
tions, and to make predictions, and if it 
is also in harmony with other concepts, 
it is useful. And to the extent that it 1s 
useful the concept is valid. The genus 
has or can have validity of this sort. 
Arguments as to its “reality” have no 
effect on this criterion. 

A basic premise of this paper is that 
all taxonomic categories must be in har- 
mony with evolutionary concepts. This 
view is widely divergent from those of 
Blackwelder and Boyden (1951) and 
Borgmeier (1957). In effect these au- 
thors consider that taxonomy has nothing 
to do with evolution and that the sole 
aim of taxonomy is to describe a series 
of categories based on resemblances and 
differences. This is patently a_ sterile 
approach to a fascinating study. Had 
all taxonomists adopted it, some impor- 
tant contributions would have been 
denied to ecology, paleontology, and the 
study of evolution. As Cain (1956) so 
aptly says, “The problem now before us 
all is to find the best method for supple- 
menting the classical taxonomy and cor- 
recting it so that, as information becomes 
available, it becomes based upon every- 
thing that is known about each group, 
and allows the maximum number of gen- 
eralizations to be made about the course 
of evolution.” 

In the following pages the most com- 
mon approach to the definition of genera 
will be examined with the preceding 
ideas in mind. Considerable space will 
be devoted to one example that, because 
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of the increasing concern of taxonomists 
with quantitative methods, is likely to 
have wide influence. Finally, I will dis- 
cuss another approach to generic defini- 
tion that may resolve some of the present 
difficulties with this category. 

I am indebted to Dr. Ernst Mayr for 
a number of suggestions and to Mr. 
Henry S. Dybas and Drs. Alfred Em- 
erson and Everett C. Olson for their 
critical reading of the manuscript. 


TYPOLOGICAL METHODS 


Approaches to delimitation of genera 
fall into two broad categories. The first 
of these we can refer to as typological. 
Emphasis is on types or kinds. This dif- 
fers from “biological” approaches just as 
the pre-Darwinian species concept, which 
was also typological, differs from the con- 
temporary biological species concept. 
According to Borgmeier (1957), who de- 
scribes many of the elements of the typo- 
logical approach, “the real task of the 
systematist . . . consists in morpholog- 
ical comparison” (p. 53), and “ 
systematics is a pure science of relations, 
unconcerned with time, space, or cause” 
(p. 53). Although nine-tenths or more 
of taxonomic data consists of morpho- 
logical observations, probably a_ large 
proportion of contemporary systematists 
would not agree with the limitations 
Borgmeier places on their science. Nev- 
ertheless, the method he advocates, that 
is, the observation of morphology and the 
arrangement of forms into a hierarchica! 
system without consideration of what lies 
behind those observations, is in effect 
the method many systematists use. 

One of the best recent examples of the 
typological method, though it is con- 
cerned also with categories between the 
genus and family, is the quantitative clas- 
sification of the megachilid bees by Mich- 
ener and Sokal (1957). These authors 
have serious misgivings about the usual 
taxonomic practice of weighting charac- 
ters and the procedure of assigning “‘sig- 
nificance” either to non-adaptive or to 
adaptive characters. These subjective 
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practices are shunned because they lead, 
according to Michener and Sokal, to “the 
development of a classification [that] 
may be more of an art than a science.” 
To avoid these pitfalls, Michener and 
Sokal give equal weight to all characters. 

The basic procedure of their study con- 
sists in measuring the correlation in 122 
characters of every pair of the 97 species 
of megachilids. Each character is di- 
vided into a number of states, usually 
three or four. The area of the metasoma 
occupied by red pigment, for example, 
varies from one (no red) to four (en- 
tirely red). A classification is arrived at 
by grouping species according to the ex- 
tent to which they are correlated. 

As Michener and Sokal say, one of the 
irrefutable criticisms of the common prac- 
tice of weighting characters is that it is 
subjective. But the selection of charac- 
ters, even if one chooses 122 of them, is 
also subjective. So is the assigning of 
numerical values to different states of 
non-meristic characters. It is a common 
assumption that operations involving 
numbers are more rigorous or more ob- 
jective than those involving words. In 
actual practice this is not necessarily true. 
For example, Michener and Sokal use 
eleven ratios as characters, each of which 
is divided into two to five states. Ratios 
vary continuously, yet in this case they 
are arbitrarily divided and treated as if 
they were discontinuously varying char- 
acters. At least a dozen additional struc- 
tures, such as “shape of upper mandib- 
ular tooth (acute to absent),” ‘apparently 
vary continuously but are treated as 
though variation proceeded in distinct 
steps. 

Another way in which the apparent 
objectivity of a numerical system may 
disappear is in compression of intra-spe- 
cific variation so that a given species has 
only one state for a particular character. 
Although one might let the mean value 
of a ratio represent the species, a char- 
acter such as the shape of the mandibular 
tooth (see above), which evidently is not 
measured in numerical terms making cal- 
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culation of a mean at least difficult, is 
not amenable to the same treatment. If 
such a character does show intra-specific 
variation, the designation of a single 
state to represent the species calls for a 
non-objective decision. Michener and 
Sokal themselves describe an example. 
Species, in which the range of coloration 
overlapped two states, were “. . . placed 
arbitrarily in one or the other.” 

No matter how objective the calcula- 
tion of the correlations may be, the Mich- 
ener-Sokal technique rests on a subjec- 
tive base and therefore has no advantage 
over the more traditional taxonomic ap- 
proaches in this regard. 

To prevent any misunderstanding, it 
must be stated at this point that these 
criticisms of the Michener-Sokal method 
are not directed at the use of statistics as 
such. For good reasons statistics have 
become a taxonomic tool, but statisticians 
(e.g., Wallis and Roberts, 1956) warn 
against their misapplication. 

On the assumption that “the resulting 
correlation coefficient is representative of 
the real affinity between two species,” 
Michener and Sokal state that “the rela- 
tive similarities can then be used (with 
or without subjective interpretations) to 
form a classification .’ The two 
quotations, separated here by several 
words, are separated in the original by 
seventeen pages. Michener (personal 
communication) agrees that bringing 
them together does not do violence to his 
and Sokal’s ideas. This view comes very 
close to Borgmeier’s statement (quoted 
above) that systematics looks for rela- 
tions in form but is unconcerned with 
time, space, or cause. 

Any taxonomic procedure based solely 
on relative similarities and avoiding all 
interpretations overlooks the crucial dif- 
ference between biological and non-bio- 
logical materials, namely, the historical 
element of the former. A metal bolt may 
be damaged chemically or physically so 
that it is no longer recognizable. Yet its 


basic material, the iron atoms, remains 
it can be reconstituted 


unaffected and 
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into a bolt identical to the original with- 
out any indication of the non-manufac- 
turing processes. The fact that this piece 
of metal was once a bolt will have no 
effect on its subsequent use. Its history 
does not limit subsequent manufacturing 
processes. 

Alternatively, we might follow nitro- 
gen atoms through the nitrogen cycle. 
The behavior of the individual atoms will 
not be conditioned by their previous his- 
tories; it will not matter whether a par- 
ticular atom was once part of an ammo- 
nium radical or not. Furthermore, the 
events of the nitrogen cycle will leave the 
individual atoms unchanged. 

But organic evolution does not corre- 
spond to anything like a nitrogen cycle. 
Every evolutionary change taking place 
in biological material limits the future 
potentialities of that material. Each suc- 
cessive event that has occurred in the 
lineage leading to the baleen whales has 
made it less likely that this particular 
genetic assemblage ultimately will pro- 
duce a flying mammal. Except for minor 
oscillations, there is never a return to 
the starting point for a complex organ- 
ism. The cetaceans may have returned 
to the ancient habitat and perhaps even 
to some of the ancient habits of early ver- 
tebrates, but the model has been irre- 
vocably altered in a profound way by 
past events. And, unlike the cases of the 
metal bolt and the nitrogen atoms, the 
whales show evidence of these events in 
their reproductive patterns, in their cir- 
culatory systems, in their excretory sys- 
tems, and in a great many parts of their 
bodies. 

A classification of nuts, bolts, and 
screws (or any other set of non-biologi- 
cal objects) bears only a limited resem- 
blance to a biological classification. The 
first implies no historical relationship 
among the objects classified. Yet that 
is exactly what a modern biological clas- 
sification does. Although phylogeny and 
classification are not identical, acceptance 
of the theory of evolution requires a phy- 
logenetic interpretation of classification. 






























Despite Borgmeier’s belief that systemat- 
ics should be unconcerned with time or 
cause and restrict its attention to mor- 
phological observation, he states that the 
observations are “evaluated” (p. 54). 
But if, as Borgmeier also claims (p. 54), 
“systematics is independent of the theory 
of descent,’ on what basis can the ob- 
servations be evaluated? Only the body 
of ideas subsumed under the theory of 
evolution provides a biological frame- 
work for such evaluation and the means 
of integrating morphological data in bi- 
ological terms. Consequently, a classifi- 
cation of organisms that does not depend 
on phylogeny is now fruitless or lies out- 
side the province of biology. 

In forming a classification, therefore, 
we look for evidence of phylogeny. Rel- 
ative similarity may be evidence, but the 
discovery of similarity is not an end in 
itself nor is it the next thing to a classi- 
fication. What is necessary is interpre- 
tation of morphological evidence in terms 
of genetics, developmental mechanics, 
and natural selection. The attention paid 
to convergence by taxonomists is rec- 
ognition of this necessity. 

A procedure such as Michener and 
Sokal use must rest on the assumption 
that the greater the phenotypic resem- 
blance the greater the genetic resem- 
blance. This is undoubtedly the intuitive 
base of Linnaeus’ Systema Naturae. But 
as much as we admire Linnaeus’ insight, 
knowledge of genetics has progressed far 
beyond the old idea that like begets like. 
If genetics had remained in its pre-Dar- 
winian state and if we knew nothing of 
developmental mechanics and evolution, 
a biological classification based solely on 
similarities might be the only possibility. 
But we are not now in that situation. 

Consequently the recommendation that 
“relative similarities can be used (with or 
without subjective interpretation) to 


form a classification” disregards not only 
the difference between biological and non- 
biological materials but also the major 
advances made in biology since the time 
of Linnaeus. 
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WEIGHTING OF CHARACTERS 


Any proposal to give equal weight to 
all characters must be based on one of 
several alternative premises: (1) all 
characters are equivalent in their genetic 
control, in their morphogenesis, and in 
their ecological effects; (2) we do not 
and will not have direct or indirect in- 
formation on the genetics, development, 
or phylogeny of characters; or (3) the 
use of many characters swamps the ef- 
fect of weighting. 

No evidence, mathematical or other- 
wise, has been presented in support of the 
last premise, the one on which Michener 
and Sokal base their equal treatment of 
all characters. These authors merely 
state that they “. . . believe that weight- 
ing becomes unnecessary” for that rea- 
son. The first two premises are demon- 
strably false as just one example will 
show. 

The dentition of a group of carnivores 
tells us more about their phylogeny than 
their coat colors and not just because 
teeth are more likely to be preserved as 
fossils. Coat color can be modified much 
more easily because, for one reason, such 
a change usually has much less effect in 
terms of the mode of life. The color 
phases of the leopard (Felis pardus) 
seem to have little effect on the animal’s 
existence; coat color does not determine 
the habitat (Burton, 1908; Shortridge, 
1934; Pocock, 1939) or, more impor- 
tantly, how the leopard obtains its food 
and what that food consists of.’ On the 
other hand, similarly drastic modification 
of the dentition probably would have 
great impact on the leopard’s manner of 
living. Extreme elongation of the ca- 
nines would lead to the machairodont 
(saber-tooth) mode of obtaining food, 
which despite disagreement as to what 
that method was, certainly differed from 
that of the felines (Bohlin, 1940; Simp- 
son, 1941). If the cheek teeth were 
broadened, significant alteration of the 
diet would doubtless result. In general 
a carnivore having broad premolars, e.g., 











the raccoon (Procyon lotor), eats much 
vegetable matter (Baker, Newman, and 
Wilke, 1945), whereas one with blade- 
like cheek teeth, for example, the bobcat 
(Lynx rufus), eats almost none (Ham- 
ilton and Hunter, 1939). Thus, in terms 
of ecological effects, changes in coat color 
and dentition are not equivalent. 

The genetics literature contains many 
examples of mammals in which coat color 
modifications are controlled by single loci 
(Sinnott, Dunn, and Dobzhansky, 1950; 
Blair, 1947). Intra-litter variations in 
dentition comparable in magnitude to the 
observed variation in coat color might 
appear if single loci were involved even 
if the mutants were non-viable, unless 
the mutant allele had such serious early 
effects that the embryo could not live to 
the period in which teeth develop. But 
whether the difference in observed fre- 
quencies of radical color and dental mu- 
tants in the leopard is due to difference 
in the developmental stage at which the 
genes have their effects or to the number 
of loci involved, the types of genetic con- 
trol to which dentition and coat color 
are subject are not identical. 

There is yet another difference between 
these two characters. With respect to 
developmental mechanics, a change in 
coat color has no direct effect on other 
structures. But a broadening of the 
leopard’s cheek teeth probably would 
necessitate modifications of the propor- 
tions of the skull and of the relative 
weights of the masticatory musculature. 
(See Davis, 1955, for an example. ) 

No matter from what aspect these 
characters are viewed, a change in one 
is not equivalent to a change in the other. 

Although most examples of the typo- 
logical approach do weight characters, 
the characters are not analyzed in bio- 
logical terms. In fact, this failure is one 
of the distinguishing characteristics of 
typological methods. G. S. Miller’s clas- 
sification (1907) of the families and gen- 
era of bats, though it is fifty years old, 
is still representative of a host of con- 
temporary works. It is also the most 
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Mayr, Linsley, and Usinger (1953) point 





recent review of the Order Chiroptera. 
Miller recognized 173 genera of which 
79 were monotypic. His handling of the 
fruit bats (Pteropidae) is characteristic ; 
16 of the 30 genera are monotypic. One 
of the 16, the genus Nadius, was diag- 
nosed as: “Like Cynopterus, but with the 
larger cheek teeth broader and more 
squarish in outline; crown of lower 
fourth premolar and lower first molar 
with distinct terete cusp slightly in front 
of middle of crushing surface.” The 
differences were not discussed further, 
but one was expected to accept them. 
Conceivably Miller may have had excel- 
lent reasons for assigning overwhelming 
weight to the dentition. But his failure 
to state them leaves us with a choice be- 
tween scepticism and acceptance on faith. 

Lack of a biological analysis of charac- 
ters has a corollary in the belief of some 
taxonomists that generic characters are 
qualitatively different from specific char- 
acters, that certain characters can never 
be used to differentiate genera, or that 
certain differences always do. These at- 
titudes are rarely supported by an analy- 
sis of the kinds of variation to which a 
given character is subject. Although it 
has been stated often before, it is worth 
repeating that a character may be rela- 
tively constant in one group and highly 
variable in another. For example, the 
snakes of the genus Calamaria, an Ori- 
ental group including about eighty spe- 
cies, invariably have 13 scale rows around 
the body (Marx and Inger, 1955), 
whereas the king snakes (Lampropeltis), 
members of the same family, may have 


from 17 to 27 rows (Blanchard, 1921). 


out that the number of tail feathers some- 
times distinguishes genera of birds, some- 
times only subspecies, and sometimes 
only individual birds. 

Vertebrate taxonomy has _ frequently 
suffered from this belief in a fixed quali- 
tative difference between generic and spe- 
cific characters. Osteological characters 
usually are given generic rank and ex- 
ternal differences specific rank. Miller’s 
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revision of the bats is just one instance. 
Another is provided by the history of 
the taxonomy of the African frog genera 
Phrynobatrachus and Arthroleptis. For 
fifty years these two groups were con- 
fused because herpetologists placed an a 
priori emphasis on an osteological char- 
acter that was not understood in terms 
of variation or function. Although there 
was general agreement on the use of the 
character (a notch in the pectoral girdle), 
no two herpetologists could agree on the 
boundaries of the genera (cf. Witte, 
1921, and Noble, 1924). When finally 
a satisfactory separation of the two gen- 
era was made (Laurent, 1940), an ex- 
ternal character, a series of tubercles on 
the hind limb, became more reliable as a 
means of distinguishing the genera than 
were the osteological differences. An 
analysis of these characters in terms of 
function, variation, development, etc., is 
still not available. 

Though it is true that character 
weighting is often capricious, that fact is 
not sufficient reason for rejecting the 
method. Who would advocate abandon- 
ing statistics because some workers mis- 
use it? 


ADAPTIVE APPROACH TO GENERA 


The theoretical and practical difficul- 
ties arising from typological methods 
point to the necessity for “biological’’ 
approaches to the delimitation of genera. 
One such method, which may be labeled 
simply “adaptive,” relies heavily on a 
study of adaptation. 

Phylogeny is not synonymous with 
adaptation, but to a very great extent 
phylogeny is the history of successive 
adaptation. The concept of natural se- 
lection leads to the theoretical conclu- 
sion that every species is adapted to its 
environment and implies that the differ- 
ence between closely related sympatric 
species is a matter of differential adap- 
tation. It also follows that any two 


related sympatric groups, regardless of 
taxonomic level, differ in terms of adap- 
tation. 


In general, the evidence in cases 
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that have been studied intensively bears 
out these theoretical conclusions (Simp- 
son, 1953, pp. 168-181). 

If classification should reflect phylog- 
eny, why not tackle the problem by get- 
ting at its heart—the study of adaptation? 
Adaptation is a relationship between 
structure, behavior, and environment. It 
is only in this framework that morphol- 
ogy will clarify phylogeny and that char- 
acters have significance to the history of 
organisms. 

Virtually all taxonomic work is mor- 
phological, yet only a small fraction of it 
considers the relation of morphology to 
adaptation. No taxonomist today ques- 
tions the occurrence of evolution, but few 
taxonomists actually think of characters 
in terms of natural selection and adapta- 
tion while revising a genus or a family. 
Generally, adaptive attributes of charac- 
ters are discussed only after phylogenetic 
relationships have been established. 

The most serious danger of an adap- 
tive approach is that it may confuse 
analogy (or convergence) for homology. 
Certainly this is a danger, and one that 
increases the simpler the structure being 
discussed. 

As an example, consider the tail fin of 
frog and toad larvae. In standing water, 
tadpole locomotion need overcome only 
the resistance of the dense medium but 
in swift water must overcome the force 
of the current as well. Therefore, as- 
suming a direct relationship between 
muscle mass and power, the amount of 
tail muscle needed to move a’given area 
of fin is greater in swift current than in 
standing water. Theoretically, the ratio 
of fin depth to muscle should decrease as 
the current increases. 

Besides its active function in locomo- 
tion, the tail fin has a passive role in sta- 
tionary feeding or resting tadpoles. In 
standing water the depth of the fin has 
no effect on this latter role. But in swift 
water a deep fin exposes the tadpole to 
the force of the current, whereas a low 
fin, by reducing the surface area, becomes 
part of general streamlining. 
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Ansonia muelleri 


Fic. 1. 


Rana larvae live in sluggish water, Ansonia and Staurots in swift current. 


Liu, 1950, and Inger, 1954.) 


Correlation of form with these habitat 
requirements is marked. The tail fin 
(fig. 1) in pond or sluggish water tad- 
poles is one to several times as deep as 
the tail muscle, but in swift- or torrent- 
water tadpoles is much lower (Noble, 
1927, Orton, 1953). Morphologically 
the fin is simple, consisting of epidermis, 
dermis, connective tissue, and blood ves- 
sels, and including no specialized struc- 
tures. Presumably, its morphogenesis is 
likewise simple, and a change from the 
high fin to the low would require only 
minor genetic change. 

If much weight were assigned to the 
form of the fin in torrent-inhabiting tad- 
poles, the risk of convergence would be 
great. But this is using a rather naive 
approach to adaptation. Much more is 
involved in even the streamlining of the 
tadpole (fig. 1). Furthermore, because 
no tadpole is a strong swimmer, adapta- 
tion to the swift current requires more 
than streamlining; it also involves some 
method of clinging to the substrate or of 
squeezing in amongst or under rocks of 
the bottom. Both types of behavior have 
been evolved by frogs, and a _ ventral 


Lateral view of tadpoles of Bufonidae (left) and Ranidae (right). 
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(Adapted from 


clinging device appears in at least five 
families. This usually takes the form of 
an expanded oral disk, as in the toad, 
Ansonia (fig. 2). This oral “sucker” 
differs from the generalized oral disk of 
Bufo pond tadpoles in its greatly ex- 
panded posterior lip, longer tooth rows, 
and divided upper beak. 

Morphology, behavior, and _ environ- 
ment are all involved in the successful 
functioning of this specialized oral disk. 
Ansonia tadpoles live in small hill or 
mountain streams in the full force of the 
current at points where the gradient may 
be as much as thirty degrees. Moving 
hardly at all, they remain plastered 
against the bedrock or boulder substrate, 
scraping off algae with the labial teeth. 
Occasionally one hitches itself forward, 
presumably by means of the beaks since 
the tail is not moved. Only if they are 
disturbed do they move by means of tail 
beats. Even so, they do not swim freely 
through the water. The firmness of the 
grip on the substrate is maintained partly 
by the flow of water over the depressed 
head, which acts as a planing surface 
having a downward thrust. But the oral 
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Staurols 

















Fic. 2. 
Upper right, ventral view of Staurois tadpole. 


Lower right, oral disk of Rana tadpole. 


disk has its own independent force. In 
trying to collect Ansoma larvae in Bor- 
neo, I was driven to herding individual 
tadpoles out of water. In such a position 
the planing effects of the head were in- 
operative, yet I could not remove the 
larvae without forcing a thin edge— 
usually a stiff leaf—between the oral disk 
and the substrate. 

The streamlining of the body, the re- 
duction of the fin, and the modifications 
of the oral disk are all part of a single 
adaptive complex. Morphogenetically, 
the general streamlining looks simple but 
the oral disk (fig. 2) does not. It has 
some rather complex specialized struc- 
tures and, though one might visualize the 
change from the pond tadpole’s beak to 
the divided, specialized form in terms of 
degeneration, the expansion of the lip 
and the lengthening of the tooth rows are 
developments trending in the opposite di- 
rection. Consequently no simple genetic 
change is likely to produce all of these 
results. 

This still does not answer the charge 
of convergence. Ansonia, to the best of 
our knowledge, is the only bufonid to 


Upper left, ventral view of Ansoma tadpole. 


Upper center, oral disk of Ansomia. 
Lower left, oral disk of Bufo tadpole. 


(Adapted from Liu, 1950, and Inger, 1954.) 


evolve a torrent tadpole of this type. 
Might not half a dozen or so species have 
arrived at this mode of larval life inde- 
pendently? The partial answer is: It is 
possible. Yet we are not dealing in ab- 
solutes, but in probabilities. Of the hun- 
dreds of bufonids in the world, only six 
to ten (the genus is still not fully known) 
have evolved in this direction, all live in 
Malaysia, and the adults are very similar 
to one another but different from other 
bufonids. Given these facts, the proba- 
bility of convergence is infinitesimal. 
Among the other families of Salientia 
in which torrent tadpoles with clinging 
devices have evolved, Ascaphus trues 
(Ascaphidae) uses the oral disk as a 
sucker and consequently resembles An- 
sonia. But though the broad outlines of 
function and form are similar, the details 
differ (compare figs. 2 and 3), notably in 
the form of the beaks, the distribution of 
papillae, and the detailed structure of the 
labial teeth. Several genera of the fam- 
ily Ranidae have torrent tadpoles, one 
type (Staurois, fig. 2) having a large suc- 
torial disk formed partly by the ventral 
abdominal wall and another type (Simo- 
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Ascaphus 


Fic. 3. Oral disk of Ascaphus tadpole, 
greatly enlarged. (After Noble, 1927.) 


mantis) an expanded oral disk much like 
that of Ansonia. Though the ranid tad- 
poles of the oral sucker resemble An- 
sonia closely, the beaks and labial teeth 
differ in details of construction. 
Convergence among the torrent tad- 
poles involves a variety of characters. 
Yet because of the historical element in 
biological materials each family starts out 
with different building materials, so to 
speak, so that each ends up with a 
slightly different model. If only complex 
adaptive structures are considered, con- 
vergence will be detected every time. 
An organism does not evolve in a 
simple system including only itself and 
one or two factors in the environment. 
Rather it evolves in a system in which 
many physical and biotic aspects of the 
environment impinge. In fact, the or- 
ganization of the natural community 
forms the matrix in which evolution of 
the given population occurs. Differences 


in stratification among the animals of 
grasslands and forests (O. Park in Allee 
et al., 1949, pp. 470, 492) and the con- 
vergent development of hypsodonty in 
grassland mammals (Stirton, 1947) il- 
lustrate the way in which community or- 
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ganization determines and limits the di- 
rection of adaptation. Evolution, then, 
may be viewed as the deployment of or- 
ganisms through the community matrix 
into various adaptive relationships with 
other elements of the community. 

A different aspect of this picture is 
presented by Simpson (1944, 1953) who 
visualizes the organic world as divided 
into a hierarchy of ecological zones and 
subdivisions that shift in time. Each 
group of organisms is adapted to exploit 
a particular way of life, corresponding 
to one of the zones or its subdivisions, 
the position in the ecological hierarchy 
correlated with the taxonomic level. An 
adaptive zone, in this sense, represents 
‘“.. . a characteristic reaction and mu- 
tual relationship between environment 
and organism, a way of life and not a 
place where life is led.’ Simpson, in 
“Tempo and Mode »”’ illustrated 
the adaptive grid with fissipede and pin- 
nepede carnivore major zones, the canid 
and felid zones, and the machairodont 
(saber-tooth) and feline subzones. As 
emphasized by this example, each taxo- 
nomic level is adapted to exploit a par- 
ticular mode of existence, the ecological 
latitude diminishing downward in the 
taxonomic hierarchy. 

A. H. Miller (1949), discussing all 
supraspecific categories, refers to “key 
adjustments,” adaptations that enable a 
group to radiate in a new ecological 
“sphere” (equals “zone” in Simpson’s 
terms) and thus to avoid former com- 
petitors. Miller suggests that ecological 
intermediates tend to be exterminated by 
occupants of the old and new zones. A 
combined morphological and _ ecological 
approach to genera is also suggested by 
Mayr, Linsley, and Usinger (1953, p. 
50) who state that “... the essential 
property of genera is morphological dis- 
tinctness (usually correlated with the oc- 
cupation of distinctly different ecological 
niches ).”’ 

In an adaptive approach to the defini- 
tion of genera, one first looks for the 
principal adaptive trends within a family 
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or subfamily. This process involves a 
study of the morphology, behavior, and 
ecology of a sizeable proportion of the 
known species. Eventually one arrives 
at an adaptive grid for the group and each 
subzone defines the mode of life for a 
genus. The species occupying one such 
subzone are members of a single genus, 
provided that the probability of conver- 
gence is slight. Although the number of 
species within a genus may vary, ideally 
each genus is equivalent to every other 
within the family or subfamily in terms 
of the ecological latitude represented by 
its adaptive zone. 

Consider that part of the toad family 
Bufonidae living in Malaysia. Six gen- 
era are currently recognized, only one of 
them (Bufo) occurring far outside this 
region. The warty, heavy-bodied, short- 
legged Bufo, characteristic of the family, 
is terrestrial except when breeding. Its 
webbing is thick rather than membranous 
as in good swimmers, such as Rana. The 
pigmented eggs are small in size, large 
in number, and laid in standing or very 
slowly moving water. The larvae are 
typical pond tadpoles with generalized 
mouth parts, spherical bodies, and deep 
fins (Noble, 1927). 

A second Malaysian genus, Pelo- 
phryne, is endemic and, like Bufo, ter- 
restrial. However, most of the species 
are quite small and probably cannot uti- 
lize the same wide range of food as Bufo. 
Morphologically, the adults of Pelophryne 
are sharply distinct from Bufo, among 
other things having peculiarly webbed 
hands and feet. The web is even fleshier 
than in Bufo and is also present between 
the fingers. Since the web of frogs often 
functions as a climbing or clinging device, 
Pelophryne may also be an inhabitant of 
the herb stratum in forests. 

At any rate, it is certain that the web- 
bing of Pelophryne is not used in swim- 
ming. Judging by the little we know of 
its breeding habits, Pelophryne probably 
is not aquatic at any time after meta- 
morphosis. Its eggs are very large, non- 
pigmented, very few in number, and laid 
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in the smallest rain-filled depressions in 
the forest floor. The tadpoles do not 
feed, subsisting entirely on the yolk sup- 
ply of the large egg (Inger, in manu- 
script). Associated with this habit, the 
oral disk is much reduced and lacks func- 
tional labial teeth and beaks. The basic 
modification of Pelophryne is adaptation 
towards increasing terrestriality. 

At the other extreme, the genus Pseu- 
dobufo has become completely aquatic 
and adjusted to life in standing or slowly 
flowing water. Its general form is more 
like that of Xenopus than like that of 
Bufo. The body is depressed, the nos- 
trils dorsal, and the feet fully webbed, 
but with a membranous, swimming web. 
Unfortunately, the larva and breeding 
habits are unknown. It is probable, how- 
ever, that the tadpole resembles Bufo 
larvae, which occupy habitats similar to 
that of adult Pseudobufo. 

A fourth genus, Ansonia, is semi- 
aquatic but, unlike Pseudobufo, lives 
around shallow and swift portions of 
rocky hill streams. The adults are slen- 
der-bodied and long-legged, and have 
membranous swimming webs _ between 
the toes. These small toads sit at night 
on spray-moistened rocks in mid-stream 
and leap rather than hop when disturbed, 
though they are not capable of the long 
jumps of Rana. Ansonia has larger and © 
fewer eggs than Bufo (Inger, 1954), yet 
not as large or as few, relative to body 
size, as those of Pelophryne. The eggs 
are laid in swift water, and the tadpole 
is specialized for life in strong current 
(see above). 

A fifth genus, Pedostibes, is much 
more similar in general body form to: 
Bufo than is any of the others. None- 
theless, the tips of the digits are expanded 
in a way characteristic of arboreal frogs, 
and Pedostibes is usually found in low 
vegetation. The webbing of the feet is 
more like that of Bufo than like that of 
the semiaquatic Ansonia. But contrast- 
ing with Bufo, Pedostibes usually has 
distinct, though incomplete, membranous 
webbing between the fingers. As noted 
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earlier, this last is a common charac- 
teristic of arboreal frogs. Breeding hab- 
its of Pedostibes approximate those of 
Bufo: the eggs are small, numerous, and 
pigmented, but are laid in shallow, clear 
streams in moderate current. The tad- 
poles are Bufo-like, with slight modifica- 
tion of body form. 

The last genus, Cacophryne, is mono- 
typic. Though its adult form resembles 
that of Ansonia, nothing is known of its 
ecology. The validity of this genus is 
questionable and it can be dropped from 
consideration here without affecting the 
discussion. 

Reviewing these Malaysian bufonids, 
five distinct modes of life, defined by 
many features of adult and (in most 
cases) larval morphology, behavior, and 
ecology, are evident. Each adaptive zone 
is occupied by a number of species, ex- 
cept for the thoroughly aquatic zone of 
Pseudobufo, and, on morphological 
grounds, the group of species within each 
zone appears to be monophyletic. 

Twenty-five years ago the species of 
Pelophryne and Pedostibes were placed 
in a single genus, and those of Ansonia 
were not separated from the genus Bufo 
(Smith, 1930, 1931). Each large genus 
represented several modes of existence, 
several evolutionary lines, and consider- 
ably more than was represented by the 
genus Pseudobufo. At that time the ec- 
ologist, perhaps receiving a list of identi- 
fications or looking at two faunal lists, 
could not use the generic names as indi- 
cators of niches. To the taxonomist, 
these comprehensive genera appeared 
polyphyletic, especially when compared 
with Pseudobufo. 

On the other hand, if the genera as 
recognized in this paper were subdivided, 
the gaps between pairs of the new genera 
would not be equivalent either in terms 
of morphology or behavior. For ex- 
ample, half of what is now called An- 
sonia would be hardly distinguishable 
from the other half (if that were the way 
one organized the genera), but radically 
different from Pseudobufo or any frag- 
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ment of Pelophryne. Not only that, the 
differences between some genera would 
be roughly of the same order of magni- 
tude as the differences between related 
species. A young tadpole, typical of 
what is now called Ansonia, could not be 
placed with certainty in its proper genus. 
And, probably more important from a 
practical viewpoint, the usefulness of a 
generic name as an indicator of relation- 
ships between species would be reduced. 

But by allowing the assortment of the 
species into adaptive zones to determine 
the generic limits, some useful results 
accrue. In the first place each genus 
represents roughly the same kind of en- 
tity: a distinct mode of life, a distinct 
evolutionary shift from the basic stock 
of the family. For the ecologist inter- 
ested in the organization of communities, 
each generic name signifies a particular 
niche. Secondly, a measure of predict- 
ability results. Given a slender, long- 
legged Malaysian bufonid having mem- 
branous webbing, one can predict its hab- 
itat, some of its habits, the approximate 
size and number of ova, and the form of 
its larvae with reasonable confidence. 
Thirdly, the value of the genus as a syn- 
thetic category indicating species inter- 
relationships is maximized. 

Returning for a moment to the African 
ranids mentioned earlier, when Arthro- 
leptis and Phrynobatrachus were rede- 
fined, two useful categories resulted. 
Species could be assigned readily to one 
genus or another on the basis of adult 
morphology; true phylogenetic relation- 
ships seemed to have been established ; 
and the two groups were remarkably dif- 
ferent in habits. Arthroleptis apparently 
never enters water. Its few, large, non- 
pigmented ova are deposited in small de- 
pressions under stones, logs, and other 
floor debris, and the young lack a free- 
swimming stage, undergoing metamor- 
phosis within the egg envelops (Love- 
ridge, 1953). On the other hand, 
Phrynobatrachus is often associated with 
bodies of water. Its many, small, pig- 
mented ova are laid in lakes, swamps, 
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or smaller pools of water in which its 
typical ranid tadpoles swim and feed 
throughout larval life (Loveridge, 1933, 
1942). Each of these genera occupies a 
distinct adaptive zone. By examining an 
adult, one can predict adult and larval 
habits, the form of the ova, and the site 
of oviposition. 

These two examples drawn from her- 
petology should make it clear that I am 
not suggesting a simple ecological classi- 
fication. All burrowing snakes are not 
to be placed automatically in a single 
genus. All pond crayfish are not auto- 
matically to be separated generically from 
all stream crayfish. The complexity of 
organic nature defies such simple analy- 
sis. Since intergroup differences in eco- 
logical tolerance are as likely to occur as 
intergroup differences in morphological 
variation, each taxon must be treated as 
a separate case. For example, frogs of 
the genus Staurois (Family Ranidae) are 
restricted to the immediate vicinity of 
swift streams, whereas species of Rana 
may be closely bound to bodies of water 
(e.g., R. catesbeiana, the American bull- 
frog) or terrestrial outside the breeding 
period (e.g., R. pipiens). Furthermore 
the principal ecological effects of the 
adaptive complexes distinguishing gen- 
era may be habitat selection( as in the 
case of Staurois), or dietary specializa- 
tion (e.g., the megachilid bees of the 
genus Proteriades, see Timberlake and 
Michener, 1950), or mode of predation 
(e.g., the cheetah, Acimonyx) or any 
other ecological function. 

Some practical considerations limit the 
use of an adaptive approach. Many 
groups of organisms, particularly many 
invertebrates, are so poorly known that 
we do not understand the major adaptive 
trends or even know the magnitude of 
the group. Consider the featherwing 
beetles of the family Ptiliidae, minute in- 
sects associated with fungi. In effect, 
study of them has just begun. What 
should be done with the many new spe- 
cies? It is impossible to delay their de- 
scription until the generic classification 
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is on a firm basis because of the neces- 
sity to store collections systematically and 
because of the need for identifications in 
ecological studies. A certain number of 
generic names are required now just in 
order to provide a binomial for original 
specific descriptions. 

Probably most taxonomists would ap- 
proach this problem in similar fashion, 
regardless of divergent emphasis on 
adaptive versus non-adaptive characters, 
or of divergent attitudes towards the use 
of multiple correlations. Without doubt 
the first genera established would be pri- 
marily typological and, equally certain, 
some of them would subsequently be 
placed in synonymy. 

Nevertheless, at this stage differences 
in taxonomic approaches will appear. 
Workers who view genera in terms of 
adaptive trends will try to correlate the 
beetles’ anatomy, their behavior, and 
their ecology from the start. That is not 
to say that a taxonomist with a typolog- 
ical approach will not observe the ani- 
mals’ ecology and behavior. But he will 
not be obliged to consider these observa- 
tions at every step of his taxonomic work. 
Furthermore, because it is easier to de- - 
scribe morphology without attempting to 
understand it in adaptive terms, every 
taxonomist, being human and therefore 
somewhat lazy, will be tempted to fol- 
low the easy path of typology. It is even 
likely that the typological taxonomist will 
never study the adaptations of his group. 
In that event he will never realize one of 
the most important functions of a sys- 
tematist. 

The taxonomic status of the Ptiliidae 
differs radically from that of the African 
Ranidae, for example. A new species of 
the latter can be placed, at least tempo- 
rarily, in one of the many genera that are 
now recognized. A new monotypic 
genus is not an immediate necessity, as 
it is likely to be in the ptiliids. With a 
group as well known as the ranids, the 
advantage of holding the burden of un- 
necessary names to a minimum is obvious. 
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APPLICATION OF NON-ADAPTIVE 
CHARACTERS 


A comment must be made about the 
use of non-adaptive characters in tax- 
onomy. Although it is difficult to prove 
that a given structure has no function, 
the evidence sometimes points strongly 
in that direction, as, for example, in the 
case of the notching on the mandibles of 
imago and worker termites (Emerson, 
1942; Ahmad, 1950). Despite the ab- 
sence of direct selection pressure, these 
structures seem to have been very stable 
in form for long geologic periods, a phe- 
nomenon that can be explained only in 
terms of multiple, pleiotropic genes that 
also control the development of vital 
adaptions (Emerson im Allee et al., 1949; 
Ahmad, 1950; Michener and _ Sokal, 
1957). 

Most taxonomists (e.g., Mayr, Linsley, 
and Usinger, 1953, pp. 123-124; Ahmad, 
1950) agree that in the distinction of 
supra-specific categories relatively stable 
characters, i.e., conservative ones, are 
most useful. For that reason the con- 
servative non-adaptive characters do have 
a taxonomic function. But certain the- 
oretical considerations argue for using 
non-adaptive characters primarily for 
confirmation of classification. 

Natural selection acts as a stabilizing 
and limiting influence on characters hav- 
ing an adaptive value. Even though the 
selective forces have a long term direc- 
tional trend, in the short run they tend to 
restrict variation about an optimum con- 
dition (Mather, 1953). Since this re- 
strictive influence acts directly on the 
phenotype, the genotype may vary con- 
siderably so long as that variation does 
not have radical phenotypic expression 
in characters with adaptive value. Phe- 
notypic variation in a genetically associ- 
ated non-adaptive character may be lim- 
ited or extensive, but it is not limited by 
any systematic influence. Thus the an- 
ticipated range of variation in the long 
run will be greater for a non-adaptive 
character than for an adaptive one. 
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The restrictive effects of natural se- 
lection apply not only to the range of 
variation of adaptive characters, but also 
to the rate of variation. “If one feature 
or component is changed in a way which 
is within itself adaptive, the advantage 
will be partly lost by any resulting un- 
balance of the whole. The response of 
the individual feature will thus be held 
back by the need for compensating 
changes in other. features upon which 
selection may not be acting in an altered 
way” (Mather, 1953). But the braking 
effect can be exerted only by an adaptive 
character. A non-adaptive character, far 
from having a braking effect, will be 
dragged along by every genetically re- 
lated adaptive modification and its rate 
of change can be rapid because no influ- 
ence will directly prevent its being so. 

When seemingly non-adaptive charac- 
ters are only slightly variable, one must 
postulate the action of selection. In am- 
phibian larvae certain characters, such 
as the position of the anus relative to the 
ventral fin, are constant within families. 
For example, all tadpoles of the families 
Ranidae and Rhacophoridae have the 
anus on the right side of the fin, whereas 
in those of the family Bufonidae, the anus 
is median. The topographic distance be- 
tween these two positions is approxi- 
mately the thickness of the gut. Since 
habits or habitat on the one hand are not 
correlated with position of the anus on 
the other, the adaptive significance of the 
position is very obscure to say the least. 
Yet its constancy within families suggests 
that the position is controlled by a ge- 
netic complex having such a critical role 
in development that it can be changed 
only at the greatest risk to the life of the 
tadpole. 

But this stability of position of the anus 
was verified only after the classification 
of adult frogs was established. If we 
were only now in the process of con- 
structing that classification, there would 
be no a priori reason for assuming con- 
stancy of the position. In fact, if we sus- 
pected the position of the anus to be 
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non-adaptive, we would have good the- 
oretical reasons (given above) for not 
relying on it. However, once an outline 
of phylogenetic relationships within a 
group is established by other means, rel- 
ative stability in this non-adaptive char- 
acter provides powerful confirmation of 
long term stability in important adaptive 
features. 


CONCLUSION 


Throughout this paper the utility of 
the generic category has been empha- 
sized. Sokal (in Michener and Sokal, 
1957) says that he would prefer that a 
¥ . Classifications reflect the quanti- 
fied relationships rather than considera- 
tions of convenience.” If by “conven- 
ience”’ he means “usefulness,” I disagree. 
If the “quantified relationships” are the 
most useful, I agree. For one of the im- 
portant lessons of the past is that no sci- 
entific theory can be proven in any ulti- 
mate fashion. Where alternatives are 
available, we stand by the theory or con- 
cept that is most useful—the one that 
generalizes the most observations and 
permits the most reliable predictions. 

We are faced with a set of alternatives 
in the methods of defining genera, for 
they are not equally in harmony with the 
findings of other biological fields or 
equally productive in terms of generaliza- 
tion or prediction. The evidence seems 
to indicate that genera defined through 
a study of adaptation are the ones most 
likely to approach the ideal. 


SUMMARY 


Methods of delimiting genera fall into 
two broad categories: typological and 
non-typological. | Typological methods 
fail to consider the biological significance 
of characters with the results that phylog- 
eny becomes an afterthought of taxonomy 
and that a classification so arrived at 
often does not take into account the con- 
cepts of related biological fields. 

Non-typological methods, on the other 
hand, analyze characters in_ biological 
terms, that is, in terms of genetics, de- 
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velopmental mechanics, behavior, ecol- 
ogy, etc. Such an analysis is more likely 
to lead to an understanding of phylogeny, 
which must be the basis of a biological 
classification, than is a_ typological 
method. 

Because the evolution of a group of or- 
ganisms is essentially a history of suc- 
cessive adaptations, a study of adapta- 
tion is probably the best means of ascer- 
taining the phylogeny and, in turn, of 
establishing a reasonably stable classifica- 
tion. An attempt to delimit genera on 
the basis of the principal adaptive trends 
within a family is recommended with the 
expectation that the taxa so defined will 
be products of phylogeny and will reveal 
the biologically most significant differ- 
ences between groups. 

A generic classification based on com- 
plex adaptive features has a number of 
advantages. Firstly, each genus will rep- 
resent the same kind of entity: a distinct , 
mode of life and a distinct evolutionary 
shift. Secondly, genera so defined lead 
to predictions of habits and ecology that 
test taxonomic conclusions. Thirdly, the 
value of the genus as a synthetic category 
indicating species interrelationship is 
maximized. 
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INTRODUCTION 


Evolutionary changes in time are stud- 
ied mainly by paleontologists. However, 
in some exceptional cases evolutionary 
changes are rapid enough to be perceived 
within the human lifetime. This is true 
of some species of Drosophila. Drosophila 
populations which are polymoryphic for 
the gene arrangement in their chromo- 
somes can be described in terms of the 
relative frequencies of the karyotypes 
which they contain. However, the ge- 
netic composition of a population may 
change perceptibly with time. Changes 
from year to year, as well as cyclic sea- 
sonal changes, have been reported in the 
populations of Drosophila pseudoobscura 
on Mount San Jacinto, in California 
(Dobzhansky, 1947; Epling and Lower, 
1957). In the Yosemite Park region of 
the Sierra Nevada, in California, such 
changes have been described both in D. 
pseudoobscura and in D. persimilis (Dob- 
zhansky, 1952, 1956). 

The causation of the year-to-year 
changes in the genetic composition of 
populations is obscure. In the Yosemite 
Park region, third chromosomes with the 
ST gene arrangement tended to decrease, 
and chromosomes with the AR gene ar- 
rangement tended to increase in frequen- 
cies, between 1945 and 1950. The direc- 
tion of the changes became reversed 
between 1951 and 1957, and, as will be 
shown below, the frequencies observed in 
1957 matched those in 1945 rather well. 
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Dobzhansky (1952, 1956) put forward 
the working hypothesis that these changes 
may have been caused by successions of 
years of drought and of years with more 
abundant precipitation. For the Yosemite 
Park region the facts have thus far fa- 
vored this hypothesis. However, the 
changes on Mount San Jacinto (which in- 
volved a different pair of chromosomes, 
those with ST and CH gene arrange- 
ments) did not correlate too well with 
the variations in the annual precipitation 
(Epling et al., 1953). 

A different sort of change, involving 
third chromosomes with the PP gene ar- 
rangement, was observed in populations 
of the Yosemite Park region of California 
since 1946. In 1939-1941, PP chromo- 
somes were common, or even predomi- 
nant, in the populations of Texas and of 
the eastern slope of the Rocky Mountains 
in Colorado. To the west of the Rockies, 
in Colorado, New Mexico, and Arizona, 
PP chromosomes showed steep descend- 
ing gradients westward (Dobzhansky, © 
1944, tables 13-19). In California, only 
four PP chromosomes were found before 
1946, among the almost 20,000 (more 
precisely 19,879) chromosomes examined 
from this state and the adjacent part of 
Nevada. These four chromosomes came 
from populations of three different local- 
ities, two localities in the Coast Ranges 
north of the San Francisco Bay, and one 
in southern Sierra Nevada. The incidence 
of PP in California was therefore about 
0.02 per cent. 

In 1946, a PP chromosome was how- 
ever found among 336 chromosomes 
studied from the population of Mather, 
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in the Yosemite Park region of the Sierra 
Nevada. None were found among 308 
chromosomes taken at Mather in 1945. 
Since 1946 the incidence of PP at Mather 
increased steadily, reaching about 11 per 
cent in 1954 (Dobzhansky, 1956, p. 86). 
This rise of PP showed no correlation of 
any sort with the oscillations in the fre- 
quencies of ST and AR mentioned above. 
Nor was the rise of PP confined to the 
population of Mather and neighboring 
localities in the Yosemite Park region. 
In July of 1951, PP chromosomes were 
found at Pinon Flats on Mount San 
Jacinto, in southern California, a locality 
about 335 air miles distant from Mather 
(Epling and Lower, 1957). In 1956 the 
frequency of PP at Pinon Flats stood at 
7.7 per cent. Since about 22,000 third 
chromosomes were examined from Pinon 
Flats between 1939 and 1952 by the pres- 
ent writer and by Epling and his collabo- 
rators, it is certain that PP was very rare 
or absent in that locality before 1952. 
Its appearance and rise there had a qual- 
ity of dramatic suddenness. In 1955, 6.3 
per cent of PP was recorded also in the 
population of Charleston Peak, Nevada 
(Epling and Lower, 1957), where none 
was found in 1937 by the present writer. 
Charleston Peak is roughly 189 miles 
distant from Pinon Flats and 246 miles 
from Mather. 

The discovery of the rise of PP in re- 
gions as remote as Yosemite, San Jacinto, 
and Charleston Peak suggested that a 
quite unexpected evolutionary change may 
be taking place in the populations of 
Drosophile pseudoobscura of a large ter- 
ritory. In the summer of 1957 population 
samples were accordingly taken in 20 lo- 
calities in California, Utah, Arizona, and 
Colorado, in or near which the popula- 
tions had been sampled earlier, mostly 
around 1940. A comparison of the ge- 
netic composition of the 1957 samples 
with the earlier ones permits an approxi- 
mate definition of the nature and of the 
area in which the genetic changes have 
occurred (see figs. 1 and 2), although 
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the causation of these changes still re- 
mains an enigma. 


MATERIAL 


Drosophila flies are collected by attract- 
ing them to fermenting banana bait ex- 
posed in their natural habitats. In 1957 
the bait was exposed in metallic trap cans, 
while the early collecting was made with 
bait in half-pint milk bottles or in paper 
drinking cups. Whenever convenient, the 
collecting in 1957 was made in exactly the 
same territory in which the old samples 
were collected; in some instances the 
baits were placed literally under the same 
trees. In some localities this was for 
various reasons not feasible, and the 1957 
samples were then taken in localities up 
to 20 miles distant from the old ones. In 
the descriptions below such non-identical 
localities are marked with asterisks *. 

Most of the chromosome structures 
were diagnosed in the immediate proge- 
nies of wild females, a single larva (two 
third chromosomes) being taken from 
each progeny for the cytological examina- 
tion in acetic orceine smear preparations. 
A part of the early data (probably not 
more than one-fifth of the total) came 
however from progenies of wild males 
crossed to laboratory females with known 
gene arrangements in their third chromo- 
somes. In rare instances (when the sam- 
ples collected were small) eight larvae 
from the progeny of a single wild female 
were examined, and the gene arrange- 
ments in four third chromosomes were 
deduced. 


YOSEMITE PARK REGION OF CALIFORNIA 


A summary of the data for the Mather 
locality is presented in table 1. In this 
table and elsewhere, the names of the 
chromosomal types are abbreviated as 
follows: AR = Arrowhead, CH = Chiri- 
cahua, OL = Olympic, PP = Pikes Peak, 
SC = Santa Cruz, ST = Standard, and 
TL= Tree Line. These chromosomal 
types are described and pictured in Dob- 


zhansky 1944. Except for the 1957 
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TABLE 1. Gene arrangements in the population of Mather, Yosemite Park region, California 
Year ST AR CH PP TL SC CL n 

1945 35.7 35.7 17.2 — 10.4 0.6 0.3 308 
1946 30.9 36.6 17.1 0.3 10.6 2.5 2.1 336 
1947 31.0 38.3 20.1 0.6 6.9 1.9 1.1 806 
1950 20.3 49.8 17.4 2.8 8.7 0.7 0.2 812 
1951 29.2 43.2 11.2 4.6 9.6 1.2 1.1 856 
1954 27.0 37.0 12.1 11.1 11.1 0.7 0.7 2306 
1957 45.3 33.2 3.8 9.8 6.3 1.6 0 316 





sample, the data in table 1 have been 
published in Dobzhansky, 1948, 1952, 
and 1956. 

The most striking fact which emerges 
from a study of table 1 is that PP chromo- 
somes have steadily risen in frequencies 
from an ostensible zero in 1945 to roughly 
10 per cent in 1954 and 1957. Almost 
equally dramatic has been the decline in 
the frequencies of CH chromosomes, from 
about 17 per cent in 1945 to only 4 per 
cent in 1957. As will be shown below, 
PP chromosomes waxed and CH chromo- 
somes waned throughout most of Califor- 
nia, and it is tempting to suppose that the 
changes in these two chromosomal types 
had a common cause. 

The two other chromosomes. which 
changed in frequencies were ST and AR. 
Here the situation is complicated by the 
fact that these chromosomes undergo, at 
Mather, also seasonal frequency changes 
(Dobzhansky, 1948, 1952, 1956). Since 
the samples in different years were not 
taken uniformly throughout the season, 
the yearly totals are not strictly com- 
parable (no seasonal changes occur at 
Mather in PP or CH chromosomes). As 
mentioned in the Introduction, the fre- 
quency changes in ST and AR were op- 
posed in sign, and there was a discernible 
trend between 1945 and 1950, which be- 
came reversed between 1951 and 1957. 
The status of the Mather population in 
1957 about matched that in 1945 as far 


ST AR 
Lassen N.F., 1940 28.6 60.7 
Lassen,* 1957 45.2 30.6 


CH 
3.6 


as ST and AR were concerned. No ap- 
preciable changes occurred in the rarer 
gene arrangements TL, SC, and OL. 
For more detail see the papers quoted 
above. 

PP chromosomes were found, since 
1946, not only at Mather but also in other 
localities in the Yosemite Park region, 
namely at Jacksonville and at Lost Claim, 
both at elevations below that of Mather, 
and at Aspen Valley and Porcupine Flat, 
above Mather (Dobzhansky, 1948). The 
increases have apparently been progres- 
sive, PP reaching the frequency of 6.6 
per cent in 1951 at Aspen Valley and 7.1 
per cent (in a small sample) at Porcupine 
(Dobzhansky, 1952). There have also 
been ostensible declines in the frequencies 
of CH in both places, but the samples 
were not extensive enough to make this 
statistically significant. 


SIERRA NEVADA OUTSIDE YOSEMITE 


Comparable population samples are 
available for four localities in the Sierra 
Nevada, two of them to the North and 
two to the South of the Yosemite Park 
region. A sample was taken at Deer 
Creek, in the Lassen National Forest in 
July of 1940, and another (by Prof. H. 
Phaff) in September 1957. Concerning - 
the data for the 1940 samples, see Dob- 
zhansky, 1944. The composition of these 
samples was as follows (EP stands for 
Estes Park gene arrangement) : 


PP TL sc Gk FE» n 
— $6 09 27 — 112 
65 3 46 ~—- 18 62 
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Frequencies of third chromosomes with the PP gene arrangement, in population 


samples of Drosophila pseudoobscura taken in 1940 (black columns) and in 1957 (dotted col- 


umns ). 


1—Mendocino County; 2—Sonoma County; 3—Mount St. Helena; 4—Lassen Nat. 


Forest; 5—Placerville; 6—Yosemite Park; 7—Santa Lucia Mts.; 8—Sequoia Park; 9—Lone 
Pine Canyon; 10—Panamint Mts.; 11—Mount San Jacinto; 12—Bryce Park; 13—Mesa Verde 
Park; 14—Kaibab Nat. Forest; 15—Grand Canyon Park; 16—Black Mesa—Betatakin; 17— 
Flagstaff ; 18—Prescott; 19—Morenci; 20—Sonoita; 21 Chiricahua Mts. 


It is evident that the composition of 
the Lassen population underwent a con- 
siderable change between 1940 and 1957. 
Like in the Yosemite region, there ap- 
peared PP chromosomes, while CH osten- 
sibly disappeared. Moreover, the fre- 
quency of ST rose, while that of AR was 
almost halved. There may have been 
also changes in other chromosomal types, 
but this is not certain. Samples were 
taken between Placerville and Camino in 
July 1940 and July 1957. Their compo- 


sition was as follows: 


ST AR CH 
Placerville, 1940 26.9 26.9 6.5 
Placerville, 1957 57.0 15.0 1.3 


Like at Yosemite and at Lassen, there 
has been a striking rise of PP chromo- 
somes and a drop in CH. Again like at 
Lassen, there has been a strong rise of 
ST and a drop in AR (no samples are 
available from Mather before 1945, and, 
as stated above, there have been complex 
changes since then in the frequencies of 
ST and AR). At Placerville, there has 
also been a drop in TL, SC, and OL, 
which apparently was not parallelled at 
Lassen. 


PP yy * SC OL n 


— 13.9 18.5 7.4 108 
12.0 4.3 9.0 1.3 300 































































Fic. 2. 
samples of Drosophila pseudoobscura taken around 1940 (white columns and in 1957 (lined 


columns ). 


The samples taken at Atwell Mill, Se- 
quoia National Park, in August 1940 and 
July 1957 are both much smaller than 
would be desirable. In this locality, 
Drosophila pseudoobscura is actually a 
rather rare species, most of the Drosophila 


ST AR 
Sequoia Park, 1940 45.6 41.2 
Sequoia Park, 1957 56.3 28.1 


TABLE 2. 
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Frequencies of third chromosomes with the CH gene arrangement, in population 


The localities are numbered as in figure 1. 


flies being D. azteca, D. persimilis, and 
D. miranda. These samples are neverthe- 
less interesting because the only PP 
chromosome found in the Sierra Nevada 
populations before 1946 came from the 
Atwell Mill sample, as shown: below: 


CH PP TL sc OL n 


1.5 4.4 1.5 1.5 68 
3.1 — 32 


Gene arrangements in the population of the Lone Pine Canyon, 


in the Sierra Nevada of California 











PP TL sc OL n 
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Despite the unsatisfactory smallness of 
the samples they indicate the occurrence 
of the same changes as elsewhere in the 
Sierra Nevada—increase in PP and a 
drop in CH, increase in ST and a drop 





in AR. It may be actually more fair to 
ST AR 
Sequoia Park, 1950 39.6 40.1 


The change between 1940 and 1957 
comes out even more distinctly. Lone 
Pine Canyon, on the eastern slope of the 
Sierra Nevada at the foot of Mount Whit- 
ney, is a locality in which samples were 
taken in 1937, 1938, 1940 (see Dob- 
zhansky, 1944), and 1957. Like at At- 
well Mill, D. pseudoobscura is a minority 
of the flies which inhabit the Lone Pine 
Canyon, and the samples are small. Nev- 
ertheless, they show a very clear picture 
(table 2). No PP chromosomes were 
found in 1940 or earlier, but their fre- 
quency stood at 9 per cent in 1957. The 
frequencies of CH and AR stood lower, 
and of ST ostensibly higher in 1957 than 
in the earlier samples. Similar changes 
have, thus, taken place in every locality 
in the Sierra Nevada for which data are 
available, both on the western and on the 
eastern slope. 





ST AR 
Mendocino Co., 1938-40 51.0 37.5 
Hopland,* 1957 55.5 25.0 


Although the differences are small, 
they go in the same directions as those 
observed in the populations of the Sierra 
Nevada discussed above. There has been 
an increase in PP and a corresponding 
decline in CH, an ostensible increase in 
ST and a drop in AR. The frequency of 
PP at Hopland was, in 1957, not higher, 
and perhaps it was lower, than in the 
Sierra Nevada at the same time (see 
above). This should be noted because 
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compare the 1957 sample with combined 
samples taken in 1940 not only at Atwell 
Mill but also in four other localities in 
the Sequoia Park. The chromosomal 
types had the following incidence in the 
combined samples: 


OL 
4.2 


TL 
6.3 


sc 
1.4 


CH 
7.7 


PP 
0.7 


n 


142 





Coast RANGES OF CALIFORNIA 


In October 1937 and in April 1938, 
Prof. A. H. Sturtevant collected small 
samples of D. pseudoobscura near Hop- 
land and near Sebastopol, California. 
These samples were remarkable because 
they contained three of the four PP 
chromosomes which were found in Cali- 
fornia prior to 1946 (Dobzhansky, 1944). 
However, since only 16 chromosomes 
were examined from Hopland and 30 
from Sebastopol, the frequencies of the 
karyotypes in these samples may be mis- 
leading. The Hopland sample is, there- 
fore, combined with two other samples 
from Mendocino County, taken at Ukiah 
and at Mendocino in 1940 (Dobzhansky, 
1944). This combined sample (1937- 
1940) may be compared to that taken in 
June 1957 at the University of Cali- 
fornia Experiment Station, northeast of 
Hopland : 


CH PP TL SC_ OL n 
73 10 — 31 — 96 
35 50 15 80 1.5 200 





the early date of the discovery of PP at 
Hopland may have indicated that this 
locality was near the center from which 
PP chromosomes spread to other parts 
of California. 

The 30 chromosomes from the Sebasto- 
pol samples taken in 1957 and 1938 may 
be combined with other samples taken at 
the same times in other localities in So- 
noma County, namely at Guerneville, 
Forestville, and Cotati. The comparison 
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with the sample taken near Guerneville in June of 1957 is as follows: 


ST AR 
Sonoma Co., 1937-38 43.7 12.5 
Guerneville,* 1957 61.0 14.5 


The population of Sonoma County, like 
those of the Sierra Navada and of Mendo- 
cino County, had PP and ST chromo- 
somes increasing, and AR chromosomes 
decreasing in frequencies between 1938 
and 1957. However, CH chromosomes 
were not recorded at all in the Sonoma 
County samples in 1937-1938, while in 
1957 they occurred there as a rather rare 
karyotype. This makes the Sonoma pop- 
ulation an exception, since in 1940 and 





earlier the CH chromosomes were fairly 
ST AR CH 
St Helena, 1940 35.2 20.4 
St. Helena, 1957 51.0 19.5 


No PP chromosomes were found on St. 
Helena in 1940, while in 1957 they have 
reached a frequency of 5 per cent. The 
frequency of CH has strikingly declined, 
while that of ST has increased. There 
was no change in AR, and SC has osten- 
sibly waned. On the whole, the three 
populations in the Coast Ranges north of 
San Francisco Bay have shown similar 
changes—increases in PP and in ST. It 
may however be noted that while in 1937- 
1940 these populations differed among 
themselves rather strikingly in composi- 
tion, they converged and became rather 





ST AR 
Santa Lucia Mts., 1940 51.0 20.3 
Santa Lucia Mts., 1957 54.0 23.0 


No PP chromosomes were found in 
1940, while in 1957 their frequency stood 
at 9 per cent; CH and SC chromosomes 
became less common. The changes in the 
Santa Lucia Mountains have, thus, been 
parallel to those in the Coast Ranges north 
of the San Francisco Bay, except that the 
frequencies of ST and AR remained un- 


11.1 
2.0 


CH PP TL sc OL n 
— 2.1 — 36.5 —_ 96 
1.0 7.0 5.0 11.0 0.5 200 


common throughout California (Dobzhan- 
sky, 1944). The 1937-1938 Sonoma 
samples showed also an extraordinarily 
high frequency of SC chromosomes; by 
1957 the frequency of SC fell to a value 
not much, if at all, higher than in other 
samples from the Coast Ranges. 

Another locality in the Coast Ranges in 
which samples were taken both in July 
1940 and in June 1957 is Mount St. Hel- 
ena, near the boundary of Napa and Lake 


Counties. The results are as follows: 
PP TL sc OL n 
— 17.6 12.0 1.8 108 
5.0 13.5 7.5 1.5 200 





alike by 1957. It is worthwhile to reiter- 
ate that the frequency of PP in 1957 stood 
in these populations at a level which was 
apparently lower than in the Sierra Ne- 
vada populations, despite the fact that it 
was in the Coast Ranges that three out of 
the four PP chromosomes recorded in 
California before 1946 were found. 

Comparable population samples were 
taken in May 1940 and in July 1957 near 
Tassajara Hot Springs, in Santa Lucia 
Mountains, in the Coast Ranges south of 
the San Francisco Bay. The composition 
of these samples was as follows: 


CH PP TL sc OL n 
12.5 — 1.9 13.5 1.0 104 
40 90 2.0 73 6S 200 





changed ; this may be due to the fact that 
the sample in 1940 has been taken much | 
earlier in the season than in 1957. 


Mount SAn JACINTO, CALIFORNIA 


Between 1939 and 1946, population 
samples were taken at irregular intervals 
in three localities on Mount San Jacinto, 
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TABLE 3. Gene arrangements in the population of Wildrose Canyon, Panamint Mts., California 
Year ST AR CH PP TL sc MM* n 
1937 13.8 67.4 18.4 — — — — 224 
1938 34.0 37.8 25.0 — 0.6 1.9 0.6 156 
1939 35.0 45.8 15.3 — 3.2 0.5 — 190 
1940 24.5 43.4 26.4 — 5.7 — — 106 
1957 25.5 58.9 11.2 0.9 2.7 0.4 0.4 224 





*MM = Mammoth gene arrangement. 


in southern California, and studied by 
Dobzhansky (summary in Dobzhansky, 
1947), and thereafter by Epling and his 
collaborators (summary in Epling and 
Lower, 1957). As stated in the Introduc- 
tion, PP chromosomes were found on San 
Jacinto first in 1951, and in 1952-1956 
they reached frequencies of 8.7, 8.8, and 
6.6 per cent in the three localities sampled 
by Epling and Lower (1. c., p. 248). Prof. 
Carl Epling kindly permits me to quote 
his unpublished observations of the cor- 
responding frequencies of PP chromo- 
somes in 1957—7.7, 7.6, and 5.9 per cent. 

Like in the Sierra Nevada and in the 
Coast Ranges, the frequencies of CH 
have decreased also on San Jacinto—from 
28.0 to 15.4 per cent, and from 39.4 to 
28.2 per cent in the two localities for 
which comparable data exist for 1939- 
1942 and for 1952-1956. There has also 
been a relatively small net increase of ST 
and some loss of AR chromosomes. Fur- 
thermore, Epling and Lower record the 
appearance in 1953 of OL chromosomes 
which were not recorded earlier in San 
Jacinto populations. 


DeEATH VALLEY Recion, NEvApDA, UTAH, 
AND COLORADO 


From 1937 to 1940, population samples 
were taken annually in the upper part of 
Wildrose Canyon, in the Panamint Moun- 
tains of California. A sample was taken 
in the same locality in July 1957. Pana- 
mint is a high mountain range standing 
between the arid Death Valley to the east 
and Panamint Valley to the west; the 
Drosophila population of Panamint Range 
exchanges migrants with populations of 


regions more congenial for Drosophila, 
in the Sierra Nevada and elsewhere, pre- 
sumably only rarely. The behavior of 
this relatively isolated population is inter- 
esting. The data are summarized in 
table 3. 

A significant rise in ST, and a drop in 
AR chromosomes, have taken place in the 
Panamint population between 1937 and 
1938, but no further significant changes 
occurred from 1938 to 1940 (see Dob- 
zhansky, 1944, p. 112). The frequencies 
of ST and AR in the 1957 sample lie 
almost exactly half way between those in 
1937 and 1938. However, two PP chro- 
mosomes were found in the 1957 sample, 
while they were absent in the earlier ones. 
The incidence of CH was in 1957 the 
lowest recorded. Statistically considered, 
the emergence of PP and the waning of 
CH in 1957 do not represent significant 
changes; however, since exactly these 
changes have been observed throughout 
California between 1940 and 1957, they 
are probably real also in the Panamint 
population. It is worthy of note in this 
connection that the sample of Drosophila 
taken in 1957 in Wildrose Canyon con- 
tained 3 individuals of D. persimilis, a 
species never before recorded in this lo- 
cality, although in 1938 it was encoun- 
tered in another canyon of the Panamint 
Range by Dr. P. C. Koller. 

The Charleston Range in southern Ne- 
vada is isolated by deserts from other 
territories favorable for Drosophila only 
slightly less securely than is the Pana- 
mint Range. No PP was found among 
256 chromosomes taken on Charleston in 
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1937 (Dobzhansky and Queal, 1938), but 
the frequency of PP stood at 6.3 per cent 
in 1955, while CH changed from 19.1 to 
9.4 per cent (Epling and Lower, 1957). 
Nor were PP chromosomes found in 1937 
on other mountain ranges in southern Ne- 
vada and in the adjacent Death Valley 








ST 


Lehman Caves, 1950 7.0 


The presence of PP and EP (= Estes 
Park) chromosomes should be noted; as 
shown above, EP suddenly appeared on 
Mount San Jacinto in southern Califor- 


ST 
Bryce Canyon, 1940 2.0 
Bryce Canyon, 1950 4.8 
Bryce Canyon, 1957 2.6 


No significant changes have occurred 
in this population since 1940; although 
PP chromosomes were not met with in 
the two earlier samples, their frequency 
in 1957 was still so low that they may 
have been similarly frequent but over- 
looked in 1940 and 1950. No adequate 
early samples from elsewhere in the state 
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of California (Dobzhansky and Queal, 
1938). The only other collection from 
Nevada was made in June of 1950 at the 
Lehman Caves National Monument, about 
200 miles northeast of Charleston Range. 
The composition of this sample was as 
follows: 


AR CH PP EP n 
84.0 


6.0 1.0 2.0 100 





nia, and at Lassen, in the northern part of 
that state. The population samples taken 
at Bryce Canyon National Park in south- 
ern Utah, had the following composition: 


AR CH PP n 
96.0 2.0 — 100 
92.9 2.4 — 84 
93.2 1.6 2.6 190 





of Utah have been studied, but the follow- 
ing two samples, taken at Heber, some 
190 miles to the north of Bryce in April 
1950, and in a canyon west-of Ferron, 
some 108 northeast of Bryce in Septem- 
ber 1950, by Prof. H. Spieth and by the 


writer respectively, are of some interest: 


ST AR CH PP n 
Heber, 1950 — 92.0 2.0 6.0 50 
Ferron, 1950 6.4 87.3 4.5 1.8 110 


Dobzhansky (1944) has recorded the 
presence of PP chromosomes in a small 
sample from Uinta Mountains, in the 
northern part of the state, taken in 1941. 
In contrast to California populations, 
there is no reliable evidence of changes 
having taken place in recent years in 
Utah populations. 





AR 
Mesa Verde, N.P., 1940 100.00 
Mesa Verde, N.P., 1957 96.5 


Only AR chromosomes were encoun- 


tered in 1940, while in 1957 PP, EP 





In southwestern Colorado, 
were taken in July 1940 (by Prof. W. P. 
Spencer) and in July 1957 (by the 
at Mesa Verde National Park. 


samples 


writer ) 


The composition of these samples was as 


follows: 
PP EP cc n 
om - on 100 
1.5 0.5 1.5 200 


(= Estes Park), and CC (= Cochise) 


gene arrangements have also been re- 
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corded. The last named karyotype was 
found originally in a single third chromo- 
some from a sample collected in Chiri- 
cahua Mts. in southeastern Arizona in 
1935. It was not seen again until the 
1957 sample from Mesa Verde was ex- 
amined. Nevertheless, on purely statis- 
tical grounds, the occurrence of changes 
in the Mesa Verde population between 
1940 and 1957 is not securely established. 
It should be noted that PP chromosomes 
were common, or even predominant, in 





ST AR 
Gunnison, N. M., 1950 a5 81.6 
Sangre de Cristo, 1950 — 41.7 


ARIZONA 


Comparable population samples, taken 
in 1940 or 1941 and again in 1957, are 
available from eight localities, or pairs of 
adjacent localities.2 The data are sum- 
_ marized in table 4. It can be seen that 
in only one of the eight localities, at 
Prescott, has the population changed not 
only significantly in a statistical sense, 
but also in the same direction in which the 
California populations have also changed 
during the same time period—gains of 
ST and PP, and losses of CH and AR 
chromosomes. The populations of the 
other seven localities listed in table 4 
seem to have remained more or less static. 


2 The 1940 sample at Flagstaff was taken in 
a wood some two miles north of the junction 
of the U. S. highways 89 and 66, and in 1957 at 
the foot of the San Francisco Peak to the north 
of the Museum of Northern Arizona. In 1940, 
a sample was taken on Black Mesa, southwest 
of Marsh Pass, and in 1957 near the Betatakin 
Ruin. In 1940, three small samples were taken 
in Grant County, New Mexico (cf. Dobzhansky, 
1944), and in 1957 in the public picnic grounds 
north of Morenci. The Sonoita Samples of 
1941 and 1957 were taken some miles apart, 
respectively to the south and to the north of 
the village of that name. The 1940 sample from 


the South Rim of Grand Canyon was, owing to 
an omission, not listed on p. 85 in Dobzhansky, 
1944; its composition was exactly like that from 
Cape Royal recorded in the publication just 
quoted. 
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the samples taken in the Front Range of 
the Rocky Mountains of Colorado in 1941, 
and EP chromosomes were no great rarity 
(Dobzhansky, 1944). They occurred also 
in the samples taken in September 1950 
at the Gunnison National Monument 
(about 100 miles north of Mesa Verde), 
and near Salida in the Sangre de Cristo 
Range (about 100 miles northeast of 
Mesa Verde). The composition of these 
samples were as follows: 


PP TL EP OL n 
8.6 1.3 $.3 — 152 
20.8 29.2 4.2 4.2 24 





Thus, CH chromosomes have ostensibly 
declined in frequencies at Kaibab and at 
Sonoita, but have risen at Grand Canyon, 
Flagstaff, and Chiricahua. ST chromo- 
somes seem to have waxed at Kaibab, 
Grand Canyon, and Flagstaff, and waned 
at Betatakin and Sonoita. PP seems to 
have risen at Kaibab, Grand Canyon, 
Flagstaff, and Sonoita, but fallen at Chiri- 
cahua. It is interesting to note the re- 
discovery of the Cochise gene arrange- 
ment in Chiricahua Mountains, where it 
was found first in 1935 (see above). 


TEXAS 


In 1939-1940, PP chromosomes were 
the predominant karyotype in Texas, 
much less frequent in Arizona and Utah, 
and vary rare in California. In 1957, the 
frequencies of PP remained unchanged 
in Arizona and Utah (except perhaps at 
Prescott), but increased very sharply in 
California (except possibly in the Pana- 
mint Range). It is interesting to inquire 
whether any changes have taken place in 
the frequencies of PP in their “distribu- 
tion center” in Texas. In 1939 and 1940, 
Prof. J. T. Patterson kindly sent to the 
writer samples of the population of Droso- 
phila pseudoobscura collected at different 
seasons in the neighborhood of Austin, 
Texas. In these samples, the frequencies 
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TABLE 4. Gene arrangements in populations of Arizona 











Population Year ST AR CH PP TL ce n 
Kaibab N. F. 1940 — 96.0 4.0 — — — 100 
Kaibab N. F. 1957 9.0 88.5 1.0 1.5 — — 200 
Grand Canyon, S. Rim 1940 1.0 98.0 1.0 — — — 100 
Grand Canyon, S. Rim 1957 5.5 91.0 2.5 1.0 — — 200 
Flagstaff 1940 1.0 97.0 1.0 1.0 — — 100 
Flagstaff* 1957 6.5 89.0 2.0 2.5 — — 200 
Black Mesa 1940 4.4 94.1 — 1.6 —- — 68 
Betatakin* 1957 3.0 96.5 — 0.5 — —— 200 
Prescott 1940 11.0 79.0 9.0 1.0 — — 100 
Prescott 1957 23.0 71.5 3.5 2.0 a = 200 
Grant Co, N. M. 1940-1941 3.2 96.0 -- a 0.8 — 124 
Morenci* 1957 1.0 94.5 3.0 1.5 — — 200 
Sonoita 1941 7.1 59.5 33.3 —- — os 42 
Sonoita* 1957 2.0 80.0 15.0 3.0 a 200 
Chiricahua Mts. 1940 0.5 88.5 6.3 4,2 0.5 — 192 
Chiricahua Mts. 1957 0.2 85.0 11.5 2.5 0.2 0.5 400 





of PP were lower, and the frequencies of 
AR were higher, in early spring (March 
and April) than in late spring (May) or 
in autumn (see Table 11, p. 113, Dob- 
zhansky, 1944). The writer took sam- 





ST AR 
Austin, Texas, 1939-41 — 22.1 
Austin, 1953 2.0 38.5 


In 1953, PP was still the predominant 
gene arrangement at Austin, Texas, al- 
though its frequency has dwindled ap- 
preciably since 1939-1940. The fre- 
quency of AR has, on the contrary, 
increased. How permanent these changes 
may turn out to be cannot be decided 
from the data now available. 


THE SEx-RATIO 


All the variant gene arrangements dis- 
cussed above are in the third chromosome. 
Some of the populations of Drosophila 
pseudoobscura are polymorphic also with 
respect to the structure of the X-chromo- 
some, in which a Standard and a so-called 
“sex-ratio” (SR) gene arrangement can 
be distinguished. The incidence of SR 
in different populations, as observed in 
1940-1941, is summarized in Dobzhansky, 
1944. Table 5 compares the states of the 





ples in the vicinity of Austin in March 
and April of 1953, although not in exactly 
the same neighborhoods as Prof. Patter- 
son did earlier. A summary of the find- 
ings in these samples is as follows: 


PP TL EP TX OL n 


69.5 6.2 0.7 — 1.5 
54.5 4.0 0.5 0.5 ~ 


1100 
200 





populations in 1940-1941 and in 1957, for 
the localities in which observations are 
available both at the beginning and at the 
end of this time interval. The only in- 
stance of apparently significant change is 
the apparent increase of the frequency of 
SR in the 1957 sample from Morenci, 
Arizona, compared to the 1940-1941 data 
from the neighboring Grant County, New 
Mexico. With this exception, no sys- 
tematic trends in the frequencies of SR 
are indicated by the data. 


DISCUSSION 


To understand the nature of the genetic 
changes observed in the populations of 
Drosophila pseudoobscura one must take 
cognizance of two salient facts. First, the 
changes have affected populations of a 
very large territory. Secondly, the 
changes involved not only the spread of 
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TABLE 5. Percentages of X-chromosomes containing the ‘‘Sex-Ratio’’ condition 
Locality Year SR n | Locality Year SR n 

Lassen N. F. 1940 11.8 85 | Grand Canyon 1940 10.0 80 
Lassen* 1957 16.1 31 || Grand Canyon 1957 14.9 148 
Placerville 1940 8.0 88 || Flagstaff 1940 23.2 82 
Placerville 1957 5.6 195 || Flagstaff* 1957 24.3 144 
Mendocino Co. 1938-40 7.2 69 | Prescott 1940 21.1 71 
Hopland* 1957 5.0 139 || Prescott 1957 21.6 148 
St. Helena 1940 10.7 84 || Grant Co., N. M. 1940-41 12.5 88 
St. Helena 1957 3.0 133 Morenci* 1957 25.7 144 
Santa Lucia Mts. 1940 4.9 81 Sonoita 1941 33.3 30 
Santa Lucia Mts. 1957 3.8 132 Sonoita* 1957 21.1 152 
Bryce Canyon 1940 8.0 87 Chiricahua Mts. 1940 18.5 135 
Bryce Canyon 1957 10.4 115 Chiricahua Mts. 1957 17.6 324 
Mesa Verde N. P. 1940 10.3 78 || Austin 1939-41 11.3 974 
Mesa Verde N. P. 1957 10.3 136 || Austin* 1953 14.8 122 
Kaibab N. F. 1940 10.5 86 ] 

Kaibab N. F. 1957 11.9 151 | 





a. hitherto rare genetic variant, but also 
a reconstruction of the gene pool of the 
population, in which at least two com- 
ponents underwent apparently correlated 
changes. 

The appearance and spread of PP chro- 
mosomes was first recorded in the popu- 
lation of Mather and of other localities in 
the Yosemite Park region of the Sierra 
Nevada of California (Dobzhansky, 1952, 
1956). At present it is clear that PP 
chromosomes have greatly increased in 
frequencies in most of California (with 
the possible exception of the isolated 
Panamint Range in the Death Valley 
region) and perhaps also in parts of 
adjacent states (Charleston Mountains in 
Southern Nevada and Prescott in Ari- 
zona). But the rise of PP chromosomes 
was not species-wide; no increase in PP 
has apparently occurred over most of 
Arizona or at Bryce Park, Utah. In 
Texas, which is the region where PP was 
and is most frequent, there may have been 
even a decline in its predominance. 

Until 1951, the situation at Mather 
looked as if PP chromosomes were rising 
in frequency while CH chromosomes re- 
mained static (c.f. table 1). But since 
1951 it became clear that CH suffered a 
recession, as if the increase of PP was 
taking place at the expense specifically of 





the CH component of the gene pool. The 
data reported in the present article show 
that this is indeed what has happened 
all over California, and also at Prescott 
and at Sonoita, Arizona. However, the 
eclipse of CH was again not species-wide ; 
in 1940 CH had occurred as a fairly rare 
karyotypic variant in much of Arizona, 
and it has not disappeared by 1957; it 
may have even gained in frequency in 
the population of Chiricahua Mountains. 
Comparing the composition of the popula- 
tions in 1940 and in 1957, we find that 
there has been also a gain of ST and a 
loss of AR chromosomes in most localities 
in California. The data for the interven- 
ing years, available only for the popula- 
tion of Mount San Jacinto and of the 
Yosemite Park region, do not show how- 
ever consistent and continuous trends. 
At Yosemite there was a downward trend 
in ST and an upward one in AR between 
1946 and 1951, which became reversed 
since 1951. These trends and their re- 
versal show an ostensible correlation with 
the successions of dry and wet years 
(Dobzhansky, 1952, 1956). On San Ja- 
cinto, the trends were less clearly pro- 
nounced or even absent (Dobzhansky, 
1947, Epling and Lower, 1957). 

There is no doubt that the genetic 
changes observed were real and not due 
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to mistakes, such as mis-diagnosis of the 
gene arrangements in the salivary gland 
preparations in the early work. The con- 
figurations formed by the different com- 
binations of the gene arrangements in the 
third chromosomes of Drosophila pseudo- 
obscura are characteristic and recognizable 
in moderately good preparations (Dob- 
zhansky, 1944). Errors may creep into 
any human effort, but it happens that the 
PP gene arrangement is identifiable most 
easily, since it involves a break in the 
chromosome in a far more proximal posi- 
tion than in any other gene arrangements 
which occur in populations living north 
of the Mexican border. It would be quite 
impossible to overlook or to misclassify 
PP chromosomes if they were found at 
all frequently in California populations 
prior to 1946. The CH chromosomes can 
be misclassified more easily in certain 
combinations, but the gene arrangements 
with which CH could conceivably be con- 
fused (SC, TL, EP, OL) are rare in 
most populations, and they have shown 
no apparent increases in frequencies in 
the samples in which CH declined. 

After the publication of Dobzhansky 
1956 article, at least two colleagues have 
independently urged, in private communi- 
cations, that the increase of PP in Cali- 
fornia might be explained by a mass mi- 
gration of the populations of Texas and 
the Rocky Mountains westward to Cali- 
fornia, and predicted that Arizona and 
Utah will now show much higher frequen- 
cies of PP than they showed in 1940, and 
probably higher than observed in Califor- 
nia populations. This hypothesis, in at 
least its original form, is now excluded. 
The 1957 collections have demonstrated 
not only that PP chromosomes failed to 
increase appreciably in Arizona and in 
Utah, but also disclosed a drop in CH 
throughout California, apparently com- 
pensating for the increase in PP. A mass 
migration of flies from Texas to Califor- 
nia would not only increase the frequen- 
cies of PP in Arizona and California but 
would also reduce the incidence of ST 
chromosomes, which are very rare in 
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Texan populations. In reality, ST chro- 
mosomes became more frequent than they 
were in California, and possibly also in 
some Arizona populations. 

The genetic reconstruction of California 
populations must have been brought about 
by indigenous causes. Two kinds of 
causes may be considered. First, the en- 
vironment in which the flies live may have 
become more favorable for carriers of 
PP chromosomes, and less favorable for 
CH. Secondly, PP chromosomes may 
have acquired, by mutation or by recom- 
bination, a new and adaptively superior 
gene complement. The rule of parsimony 
of assumptions makes it inadvisable to 
assume both environmental changes and 
changes in the genetic contents of PP 
chromosomes. 

To prove that no environmental changes 
affecting the welfare of the flies have 
occurred is impossible, especially given 
the rudimentary state of our knowledge 
of the fly ecology. All that can be said 
is that no obvious and directional changes 
in any environmental components are 
known to have been taking place in Cali- 
fornia between 1940 and 1957, except for 
changes brought about by human activ- 
ities. As stated above, the changes in 
the frequencies of ST and AR chromo- 
somes in the Yosemite Park region may 
have been correlated with drought and 
wet years (Dobzhansky, 1952, 1956), but 
the changes in PP and CH evince no 
parallelism with these climatic fluctua- 
tions. It should be noted that different 
parts of California are extremely diverse 
in climatic and edaphic conditions, and in 
flora and fauna. Since PP has waxed 
and CH waned throughout California, an 
environmental agent which could be held 
responsible would have to be of a very 
general nature, such as a general climatic 
change. No such change is known to 
have occurred. 

Human agencies must be considered, 
especially since the genetic changes in 
Drosophila pseudoobscura remind one of 
the industrial mechanism which has, 
within about a century, altered the char- 
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acteristics of some species of Lepidoptera 
(Kettlewell, 1955, 1956, and other work). 
A notable growth of human populations, 
expansion of industries, and increasing 
use of insecticides have been taking place 
in California, especially since the War. 
It would obviously be desirable to test 
the different karyotypes of D. pseudo- 
obscura for possible differential resistance 
to widely used insecticides and industrial 
fumes. The character of the expansion 
of PP and of contraction of CH karyo- 
types in California does not however sug- 
gest that human agencies are responsible. 
Indeed, if these changes were man-in- 
duced, one would expect them to be most 
pronounced in the vicinity of the great 
population centers—Los Angeles and the 
San Francisco Bay area. This does not 
appear to be the case. In fact, the in- 
crease of PP and the decrease of CH in 
the populations of Lone Pine Canyon and 
of Charleston Peak (see above) militate 
against hypotheses that human agencies 
are responsible. The former locality lies 
on the esatern slope of the Sierra Nevada, 
at the foot of Mount Whitney, the highest 
peak in the continental United States. 
Charleston Peak is surrounded by des- 
‘erts. Both localities are remote from 
large population centers and well pro- 
tected from industrial fumes and similar 
influences. Several colleagues suggested, 
in conversations, that the changes in D. 
pseudoobscura may have been caused by 
the fallout from atomic weapon. tests. 
Charleston Peak almost overlooks the 
Proving Grounds; however, the products 
of the explosions are carried by atmos- 
pheric currents chiefly in a northeasterly 
direction, i.e., away from California where 
the genetic changes have taken place. 

The possibility that PP chromosomes 
may have acquired a new property which 
made them more favorable to their posses- 
sors in California environments than they 
were before 1940 is quite credible. There 
is no doubt that PP chromosomes were, 
though rarely, found among the inhabi- 
tants of at least some localities in Califor- 
nia in and before 1940. The chromo- 
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somal polymorphism is maintained in 
natural populations of Drosophila chiefly, 
though not exclusively, by superior fitness 
of the heterozygotes for various com- 
binations of the gene arrangements pres- 
ent in a given population.* A mutation 
and/or a lucky crossover might, then, 
produce a chromosome favorable in com- 
bination with other types of chromosomes 
prevalent in California population, and 
particularly with PP, although relatively 
unfavorable in heterozygotes with CH. 
Natural selection would, then, not only 
favor the spread in populations of the 
“new” chromosomes, but also promote 
such a reconstruction of the gene pool 
that the frequency of PP would grow and 
that of CH would decline. The supposi- 
tion that the new and favorable gene com- 
bination arose in a PP chromosome would 
also explain the rise of PP, but it would 
hardly account for the apparently corre- 
lated drop in CH, since PP/CH hetero- 
zygotes are rather rare in most popula- 
tions. It may, of course, be that the 
rise of PP and the drop of CH are not 
interrelated. 

In contrast to the environmental hy- 
pothesis, the difficulty of the hypothesis 
of genetic change is to explain the great 

3Epling et al. (1953, 1955, 1957) deny this. 
These authors labor under a misapprehension 
that heterosis in chromosomal heterozygotes 
must necessarily manifest itself in disturbances 
of the Hardy-Weinberg equilibria in popula- 
tions. Such disturbances are not observed in 
some populations, and the authors see them- 
selves forced to find another explanation for the 
recorded seasonal and other changes in the 
frequencies of some karyotypes. They conjec- 
ture that the seasonal changes in the frequen- 
cies of certain gene arrangements in the third 
chromosome are due to advantage of increased 
recombination in chromosomes other than the 
third at some seasons and to disadvantage at 
other seasons. This conjecture is gratuitous. 
But even if it were true, the hypothesis would 
not fit the evidence. The second-order selection 
which would favor certain third chromosomes 
because of their effects on recombination in 
other chromosomes would be altogether too 
weak to account for the rapidity of the changes 
actually observed. For other data which con- 


tradict the conjecture of Epling et al. see Levene 
and Dobzhansky (1958). 
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magnitude of the territory in which the 
populations have become altered in com- 
position. It is most unlikely that muta- 
tions or crossovers which made PP chro- 
mosomes adaptively advantageous and 
CH disadvantageous could have arisen by 
accident in many places in different parts 
of California at about the same time. If, 
however, the genetic change appeared in 
only one place, how could it spread 
over tens of thousands of square miles? 
Drosophila pseudoobscura is one of the 
few organisms for which something is 
known concerning the average distance 
between the places where an individual is 
born and where it reproduces. This dis- 
tance depends greatly on the temperature 
of the environment ; however, Dobzhansky 
and Wright (1947) found that about 95 
per cent of the progeny of released flies 
with a certain genetic marker was found 
ten months after the release within a 
circle with a radius of about 1.76 Km 
centered on the point of release. The 
standard deviation of the distribution of 
the genetic marker in question was esti- 
mated to lie between 0.43 and 0.72 Km. 
With dispersal rates of this magnitude a 
genetic change which arose at the geo- 
graphic center of California would, if not 
aided by strongly favorable selection pres- 
sure, need time on quasi-geological scale 
to spread throughout that state. 

In considering the spread of adaptively 
favorable traits, two kinds of movements 
should however be distinguished (Dob- 
zhansky, 1956). First, genes diffuse from 
population to population because an indi- 
viduals (or a spore or a pollen grain) 
migrate, actively or passively, over a 
certain average distance from the place 
where they were born or liberated. This 
kind of migration is, in Drosophila, too 
slow to account for the observed changes 
in the genetic constitution of populations. 
Secondly, organisms may occasionally be 
transported over long distances by atmos- 
pheric currents and other forces beyond 
their active control. Accidental transport 


of insects by man, in freight or by camp- 
Of neces- 


ers, belongs to this category. 





399 


sity, such long-distance transport will be 
spasmodic, irregular and hard to experi- 
ment with; and yet, agencies of this sort 
must be invoked to explain the genetic 
changes observed. 

Prof. Ch. L. Remington has kindly 
called my attention to the work of Henson 
(1951) and Greenbank (1957) on the 
spruce budworm moth, Choristoneura 
fumiferana. Large numbers of these 
moths are sometimes drawn into the up- 
drafts of air which occur during the 
passage of cold frontal air masses, and 
then deposited by the downdrafts at con- 
siderable distances from their places of 
origin. The importance of this kind of 
transport would seem to be reduced in 
Drosophila by the habit of these insects 
to remain quiescent on windy days. Some 
exchange of individuals between popula- 
tions of fairly remote localities may never- 
theless occur by some such means. This 
migration will probably be of no impor- 
tance for genetic variants which are adap- 
tively neutral or negative, but it may be 
quite important when the migrants carry 
favorable genetic traits which are absent 
in the population into which they are 
introduced. Natural selection will then 
enhance their prevalence in their new 
habitats and open the possibility of further 
spread. 

As pointed out above, the genetic 
changes observed in the California popu- 
lations of Drosophila pseudoobscura rival 
in magnitude the changes involved in the 
spread of the industrial melanism in sev- 
eral European species of moths. Al- 
though this possibility cannot be com- 
pletely excluded, it seems that the changes 
in Drosophila, in contrast to the indus- 
trial melanism, have not been brought 
about by human interference with the 
habitats of these insects. If so, these 
changes would have to be recognized as 
the most clear-cut evolutionary altera- 
tions, not provoked by man, ever wit- 
nessed in nature in a free-living species. 
These changes seem to be more extensive 
than those in the other comparable cases 
—the alteration of the frequencies of the 
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color phases in the red fox in Canada 
(Butler, 1947, 1951), and in the beetle 
Harmonia axyridis in Japan (Komai, 
Chino, and Hosino, 1950; Komai, 1954, 
1956). The participation or non-par- 
ticipation of man in these later changes is 
uncertain. 


SUMMARY 


Data are presented showing that popu- 
lations of Drosophila pseudoobscura of 
ten localities in different parts of Cali- 
fornia have changed between 1940 and 
1957 in the same direction—appearance 
and increase of the frequencies of chro- 
mosomes with PP gene arrangement and 
decrease of chromosomes with CH gene 
arrangement. Since PP chromosomes are 
most prevalent in the populations of 
Texas and of the eastern slope of the 
Rocky Mountains, it is important to note 
that no appreciable increases in the fre- 
quencies of PP have taken place in nine 
of the ten localities in Arizona and Utah 
for which samples taken in 1940 (or 
1941) and in 1957 are available. 

The causes which have brought about 
the genetic changes in the California pop- 
ulations are unknown. The changes seem 
not to be provoked by human interference 
with the habitats of the flies; at any rate, 
the changes are no greater in localities 
close to the regions of greatest concentra- 
tion of human populations than in locali- 
ties far from such regions. 
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Note added in proof—Professor Carl Epling 
has very kindly communicated to the writer the 
composition of the samples of Drosophila 
pseudoobscura taken, in April-June of 1958, in 
several localities on the margins of San Gabriel 
Valley of southern California. This Valley is 
densely settled by man and contains important 
centers of industrial and agricultural activities. 
If the increases of the frequencies of PP chro- 
mosomes observed throughout California be- 
tween 1946 and 1957 were due to man-made 
changes in the fly environments (contamina- 
tion by insecticides, “smog,” or almost any 
other man-induced alterations), one would ex- 
pect the PP chromosomes to be especially fre- 
quent in the localities sampled by Professor 
Epling. This expectation is not borne out by 
the data. The percentages of PP chromosomes, 
and the numbers of the chromosomes examined 
(in parentheses), are as follows. Tuna Canyon, 
Santa Monica Mts—3.9% (228); Camp Rincon 
—16.1% (56); Santa Ana Mts—1.7% (116); 
Keen Camp, Mount San Jacinto—4.0% (78); 
Pinon Flats—3.1% (224) and 8.3% (168). This 
makes it very improbable that the changes in 
the genetic composition of the Drosophila pseu- 
doobscura populations have been caused by 
man’s interference with the habitats of the fly. 
It begins to look more and more as if the 
changes are due to emergence of novel co- 
adapted gene complex within the gene pool of 
the California populations. Such gene com- 
plexes could yield superior fitness in heterozy- 
gotes with other gene complexes present in the 
same populations, and spread more and more 
widely in space. 
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INTRODUCTION 


Since the mode of evolution of a spe- 
cies depends upon the whole genetic sys- 
tem, the disparate mechanisms of repro- 
duction found among diverse groups 
undoubtedly introduce their own modi- 
fications. Furthermore, the characteris- 
tics of the populations which comprise 
the species will influence the pattern or 
rate of evolutionary differentiation. Pop- 
ulation size and genetic mobility (as op- 
posed to isolation) are of special im- 
portance in this respect (Wright, 1931). 
For these reasons the delicate balance be- 
tween factors such as selection, mutation, 
drift and genetic recombination may be 
achieved in different manners by diverse 
species. Regarding the Protozoa, the- 
oretical discussion of the species prob- 
lem is hampered both by conceptual dif- 
ficulties (specially for those forms in 
which sexuality is unknown) and by the 
fact that experimental or observational 
data are typically lacking or arduously 
collected. Consequently it is not sur- 
prising to discover that the interplay and 
even the applicability of those aforesaid 
factors, which are generally recognized 
as of evolutionary significance, have re- 
mained little explored in this group. But 
rapid advances in our knowledge of the 
heredity and breeding systems of the cil- 
iates have led to speculations and new in- 
sights (Kimball et al., 1957; Sonneborn, 
1955, 1957; Siegel, 1956) which serve to 
stimulate investigations from this point 
ot view. 

The factors of evolution among species 
in which obligatory asexual reproduction 





1 The research reported here was aided by 
a grant from the National Science Foundation. 


(including apomixis or parthenogenesis ) 
or intensive inbreeding is found as con- 
trasted to other species where amphi- 
mixis or cross-fertilization is the rule 
will be expected to differ. In this con- 
nection, two species of Paramecium, P. 
aurelia and P. bursaria, are worthy of 
comparison. After a detailed account of 
the biology of P. aurelia, Sonneborn 
(1957) concludes that most varieties are 
prevailingly inbreeders although the bio- 
logical features of the different varieties 
suggest that the whole range from ob- 
ligatory inbreeder to obligatory out- 
breeder may be found in this group. By 
contrast, the biology of known varieties 
of P. bursaria appears to favor out- 
crossing. 

In P. bursaria inbreeding regularly 
leads to high mortality, autogamy does 
not normally occur, mating among in- 
dividuals of a clone (“‘selfing’’) is rare 
and clones descended from a single pair 
of conjugants are usually of the same 
mating type. Finally, most varieties of 
P. bursaria have breeding systems con- 
sisting of multiple mating types; hence 
contacts between potential mates may be 
frequent and crossbreeding is encour- 
aged. On the other hand, in P. aurelia 
there is low mortality after inbreeding, 
autogamy is found in all strains (except 
those belonging to variety 15), selfing is 
frequent, the descendants of a pair of 
conjugants are often of diverse mating 
types and hence can inbreed, and only 
two complementary mating types occur 
for each variety (except variety 15). 
For these reasons Sonneborn concludes 
that fertilization in most varieties of P. 
aurelia is apt to occur under conditions 
in which recombination is excluded and 
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shows that fertilization serves also an- 
other function, namely the prevention or 
cure of senility. In agreement, aging is 
more rapid in P. aurelia than in P. bur- 
saria. 

Two facts suggest that conjugations 
leading to genetic recombinations may be 
of evolutionary importance in P. aurelia. 
First, laboratory studies reveal that as 
isolated exconjugant or exautogamous 
clones are allowed to age, the responses 
to conditions of limited food supply are 
sexual maturity or a competence for mat- 
ing then, somewhat later, autogamy. In 
this way the life history of the clone af- 
fords first the opportunity for outbreed- 
ing followed then by the ability to in- 
breed. In agreement, a _ carefully 
controlled laboratory population of vari- 
ety 1 studied by Kimball et al. (1957) 
was found to consist mainly of excon- 
jugant rather than exautogamous clones. 
Second, Pringle’s (1956) discovery of 
heterozygous clones among isolates of 
variety 9 taken from natural sources es- 
tablishes that outbreeding does occur in 
that variety. The prime purpose of the 
present communication is to record the 
fact that hybrid vigor is characteristic 
of certain interstock crosses. From the 
marked enhancement of vitality result- 
ing from hybridization it can be inferred 
that hybrids will enjoy a selective ad- 
vantage over parental stocks and that 
some amount of gene flow may exist be- 
tween local populations. If this is so, 
then in spite of its constitutional bent for 
inbreeding, P. aurelia may conform to 
other biological systems in which sexu- 
ality allows the species to make adaptive 
changes to environmental diversity. 

P. aurelia offers a unique opportunity 
to analyze the genetic basis for hybrid 
vigor, and it is the second purpose of this 
paper to present the results of initial at- 
tempts to use this organism for such stud- 
ies. As Crow (1948) has pointed out, 
the “dominance” hypothesis formulated 
by Bruce, Jones, and others interprets 
hybrid vigor as the result of the recipro- 
cal masking of detrimental recessives by 
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their dominant alleles contributed to an 
F1 by both parents. Inbreeding leads to 
decreased vigor because the probability 
of recovering a large number of dom- 
inant factors in a given line of inbred 
generations becomes vanishingly small. 
The alternative “overdominance” hypoth- 
esis first stated by Shull and East attrib- 
utes hybrid superiority simply to the 
combination of genetically dissimilar pa- 
rental genomes; in other words hetero- 
zygosis itself is responsible for increased 
vigor. Since the frequency of hetero- 
zygous loci will decrease with inbreeding, 
a reduction in vigor is predicted. In 
view of linkage, the large numbers of loci 
typically concerned with vigor, and pseu- 
doallelism, the two hypotheses become 
difficult to distinguish in practice. 

The principal advantage of P. aurelia 
for studies on hybrid vigor lies in the 
periodic advent of self-fertilization, au- 
togamy, a process which may precede and 
follow a hybridization according to ex- 
perimental design. During autogamy 
eight haploid nuclei are formed; while 
seven of these disintegrate the survivor 
produces mitotically two daughter nu- 
clei which fuse to form the syncaryon. 
The nuclear apparatus of the new exau- 
togamous clone is then reconstituted from 
the mitotic products of the syncaryon and 
such clones must consist of cells homo- 
zygous for all loci. The accessibility of 
completely homozygous clones for use as 
the parental generation in a study of 
hybrid vigor serves to simplify interpre- 
tations of heterosis. But of more sig- 
nificance is the fact that if an F2 gen- 
eration is obtained by passing F1 hybrids 
through autogamy then that component 
of vigor due to heterozygosity per se will 
be lost while vigor due to new combina- 
tions of “advantageous” or “plus” genes 
will be maintained. For this reason, un- 
ambiguous tests of the “overdominance” 
hypothesis and the “dominance” hypoth- 
esis are feasible. While certain examples 
of the operation of overdominance are 
available (see Stern, 1948), the discov- 
ery, to be reported here, of the mainte- 
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nance of Fl hybrid vigor among com- 
pletely homozygous exautogamous F2 
clones furnishes for the first time evi- 
dence that heterosis can be explained in 
some cases solely in terms of the dom- 
inance hypothesis. 

Some of the present results have been 


described in abstract form (Siegel, 
1957a). 


MATERIALS AND METHODS 


Each variety of P. aurelia consists of 
a group of interfertile stocks or strains, 
each stock representing the progeny of a 
single cell collected from a natural 
source. Four stocks belonging to variety 
1 were employed in this study. They 
were stock P from Woodstock, Mary- 
land ; stock R from Baltimore, Maryland ; 
stock S from Cold Spring Harbor, New 
York; stock 90 from Bethayres, Penn- 
sylvania. The stocks have been shown 
to differ genically from one another on 
the basis of their ciliary antigen types 
(Beale, 1954) and in the capacity to form 
two mating types. While cells of stocks 
R, S, and 90 may produce progeny of 
mating types I and II, stock P cells are 
unusual in that they can only form type 
I. Sonneborn (1947) and others have 
shown that the one-type condition is 
caused by the presence of a single gene 
mt recessive to its allele mt+ found in 
two-type stocks. These stocks were se- 
lected because, as will be seen later, they 
show striking differences in vigor. 

The general techniques for handling 
P. aurelia have been set forth by Sonne- 
born (1950) and were used throughout; 
cultures were maintained at 27° C. The 
culture medium consisted of baked lettuce 
infusion inoculated with <Aerobacter 
cloacae about 24 hours before use and 
adjusted to pH 6.5 (+ 0.5). 

The classical method for quantifying 
vigor among protozoans is simply to 
measure the mean daily fission rate. 
This method was adopted here; daily 
reisolation lines were maintained in an 
excess of culture fluid (thus permitting 
maximal fission rate) and the number of 
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fissions was determined from daily 
counts of the cells present in cultures at 
the time of reisolation. (The reason for 
choosing this method over others will be 
set forth in the discussion. ) 

Each clone was carried through 10 or 
more successive transfers and the mean 
daily fission rate for the clone was com- 
puted. The mean daily fission rates for 
all viable clones resulting from a given 
mating were averaged to give a mean 
daily fission rate for that cross. Clones 
which died or failed to divide for two 
consecutive days were scored as “invi- 
able” and excluded from the computa- 
tions. As will be seen, replicate sets of 
crosses gave concurring results lending 
confidence in this method. 

In order to determine the effect of hy- 
bridization, the fission rates of cultures 
obtained from crosses between the pa- 
rental stocks were compared with the 
reproductive rates found for the progeny 
of intrastock control matings. Since 
stock P cannot form mating type II, con- 
trol P X P conjugations are impossible ; 
in this case, vegetative lines recently de- 
scended from exautogamous cells served 
as controls. 

It was important to restrict as far as 
possible sources of intrastock hetero- 
geneity and to avoid the use of aged 
(hence moribund) cultures as parental 
material. Exconjugant or exautogamous 
cells were isolated from mass cultures of 
each stock and allowed to divide once to 
form sister caryonides; these were iso- 
lated and grown into mass cultures. Ad- 
vantage was taken of the fact that sister 
caryonides of stocks R, S, and 90 may 
be of opposite mating type but are other- 
wise identical. Sister caryonides of com- 
plementary mating types were selected as 
the parental material and crosses were 
always initiated before the cultures were 
30 fissions old. 

The first set of experiments involved 
crosses between stocks R, S, and 90. 
The methods used in these crosses will 
be described now; the second set of 
crosses, P X R, require the same basic 
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methodology but the details of this anal- 
ysis will be presented later. 

With respect to stocks 90, S, and R 
there are nine possible combinations of 
complementary mating types; these are: 
90I x 9OII, SI x SII, RI x RII, 9OI x 
SII, 90I x RII, 9OII x SI, 90II x RI, 
SI x RII, and SII x RI. Twelve con- 
jugating pairs were isolated from each 
mixture into fresh culture fluid and 10 
hours later the two exconjugant cells 
from each pair were reisolated and there- 
after maintained as daily isolation lines. 

Using two criteria, it was possible to 
identify the cytoplasmic ancestry of each 
hybrid clone with but few instances of 
doubt. When first isolated, the excon- 
jugant cells of each control mating had a 
distinctive phenotype; the observations 
recorded at this time are summarized in 
table 1. Upon examining the control 
isolates 20 hours later it was found that 
all (except one) of the 90 x 90 clones 
had passed through two fissions while 
none of the R X R and only one of S X S 
clones had divided more than once. A 
delay in phenotypic expression, “cyto- 
plasmic lag,” following fertilization is 
well-known in Paramecium (Kimball, 
1937: Sonneborn, 1943; Sonneborn and 
Lynch, 1934) and was found in the pres- 
ent material. First, the two exconjugant 
cells from interstock crosses resemble in 
appearance their respective parents for 
many hours after the completion of con- 
jugation. Second, in crosses of 90 x § 
and 90 x R one exconjugant clone was 
regularly found to be a fission or two 
ahead of the other after 20 hours; the 
more advanced clone was judged to be 
descended from a stock 90 parental cell. 
As expected, the two criteria for deter- 
mining the ancestry of a hybrid led to 
concordant conclusions in most cases. 

F2 cultures were producted by passing 
F1 clones through autogamy. Many F2 
cultures were not followed; only those 
which survived at least four months as 
mass cultures under standard laboratory 
conditions (enough nutrient was added 
to allow three fissions per week) were 
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TABLE 1. A comparison of exconjugant cells 


from control matings 











Relative Appear- Relative 
Mating size ance motility 
90 x 90 largest dark most active 
RXR intermediate dark intermediate 
SxS smallest clear _ least active 





scored as viable and saved for further 
study. It was found that many of the 
progeny from RXR crosses die soon 
after fertilization and viable F2 lines 
must be selected, whereas the progeny of 
90 x 90 and S XS control crosses are 
usually normal and little selection is 
necessary. From 60% to 90% of the 
exautogamous F2 clones from interstock 
crosses were non-viable; death in these 
instances is probably to be explained in 
terms of chromosomal differences among 
the parental stocks similar to those dis- 
covered by Dippell (1954) for a group 
of variety 4 stocks; Jones (unpublished ) 
has found chromosomal differences for 
certain variety 1 stocks. 

Three F2 cultures, each representing 
one of the interstock crosses, were se- 
lected for an analysis of the persistence 
of vigor following autogamy. The basis 
for the selection of these cultures from 
among others was first their viability and 
second the fact that they were segregants 
for genes which control the duration of 
sexual immaturity (Siegel, 1957b). It 
should be stressed that the degree of 
vigor (other than the fact of .viability) 
was not a factor in the selection of these 
cultures. 

The vigor of the F2 cultures obtained 
from hybrids and the parental cultures 
was compared in two experiments. 
First, the fission rates of the progeny of 
pairs of conjugants, isolated from mass 
cultures and thereafter maintained as 
daily reisolation lines, were measured as 
described above. The second experiment 
was similar to the first except for the 
fact that the isolates used to initiate daily 
reisolation lines were vegetative cells 
rather than conjugants. 
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TABLE 2. The mean daily fission rates of F1 (hybrid) and intrastock (control) clones 
Experiment 1 Experiment 2 
Mean of Mean of 

Number of clones mean daily Number of clones mean daily 
fission rates al fission rates a 
Cross Obtained Died of survivors cof M Obtained Died of survivors a of M 
901 X 9OIT 20 2 3.68 0.054 24 7 3.56 0.095 
SI X SII 24 1 2.34 0.079 24 6 2.57 0.044 
RI X RII 23 10 1.45 0.083 24 19 2.22 0.035 
90I X SII 24 3 3.36 0.173 24 8 3.70 0.128 
SI X 90II 22 2 3.82 0.098 24 1 3.79 0.083 
90I X RII 24 + 3.77 0.132 24 2 3.82 0.148 
RI X 90II 24 4 3.62 0.073 24 16 3.32 0.374 
SI X RII 24 1 3.88 0.049 24 2 4.13 0.111 
RI X SII 22 2 3.16 0.168 24 18 2.63 0.091 





RESULTS 


A Comparison of Fl Hybrids and 
Parental Clones; Stocks 90, 
S, and R. 


The results of two sets of experimental 
and control crosses are summarized in 
table 2. The experiments were con- 
ducted at different times and the pa- 
rental material for each was indepen- 
dently obtained from the original stocks. 
A number of points are clear from the 
data. 

First, the control progeny from stock 
90 x 90 matings reproduce more rap- 
idly than do those obtained from S xX S 
and R X R crosses. 

Second, the hybrids of 90S and 
90 x R descent are clearly more vigor- 
ous than the inbred or control progeny of 
the two weaker stocks and are compar- 
able in fission rates to the 90 x 90 off- 
spring. This immediately suggests that 
hybrid clones descended cytoplasmicly 
from R and S parental cells have ac- 
quired reproductive vigor attributable to 
outcrossing with stock 90. Indeed, the 
fission rates of hybrid clones known to 
be cytoplasmicly of stock R or S origin 
regularly exceeded those of the control 
inbred clones of these stocks; these Fl 
clones typically reproduce slowly during 
the first day or two after their formation 
and then grow at a new accelerated pace. 
Third, hybrids formed from crosses be- 





tween the two weakest stocks, R and S, 
provide striking evidence for hybrid 
vigor; in both experiments the fission 
rates of clones from the cross SI XRII 
exceeded those of both of the controls and 
of all other hybrids. Taken together, 
these three points indicate that conjuga- 
tions among cells of diverse stocks or 
genotypes lead to the production of clones 
showing appreciable amounts of hybrid 
vigor. 

Fourth, in experiment 2 it can be seen 
that the cross R X R is highly inviable 
and that when the parental RI culture is 
outcrossed to cultures of 9OII and SII 
death also occurs in high frequency. 
None of the survivors from these two 
interstock crosses were cytoplasmicly 
descended from stock R; those from the 
90II x RI cross were comparable in vigor 
to the 90 x 90 progeny and those from 
the SII X RI were comparable to the 
SxS clones. These survivors gave no 
evidence of the hybrid vigor found either 
in reciprocal crosses or in the first ex- 
periment. It is possible that the sur- 
vivors of these crosses are not hybrids 


but are descended from matings that ex- 


cluded the normal process of reciprocal 
fertilization ; the fact that cells of variety 
1 may pair but fail to exchange gametic 
nuclei has been verified by both cytolog- 
ical and genetic evidence (see Beale, 1954 
for references). If this interpretation of 
these data is correct, then they do not 
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disagree with the conclusion reached 
from other crosses, namely that outcross- 
ing leads to hybrid vigor. 

Fifth, it is apparent that reciprocal 
crosses do not always yield identical 
groups of progeny. For example, in both 
experiments the hybrids from 90II x SI 
were more vigorous than the 90I x SII 
progeny although both matings showed 
hybrid vigor. It should be recalled that 
the parental cultures used in these crosses 
are very closely related and presumably 
isogenic (having been descended from 
sister caryonides); consequently they 
should yield similar results. In other 
experiments it was noted that the cross 
90II x SI is consistantly more vigorous 
than the reciprocal. The basis of this 
finding is presently unknown; clearly the 
matter deserves further investigation be- 
cause it is of significance for a general 
understanding of the cytogenetics and 
evolution of the group. 


A Comparison of the F2’s from the 
Hybrids and Parental Clones; 
Stocks 90, S, and R. 


For comparison with the parental 
clones, groups of F2 clones were obtained 
from the F1 hybrids as follows. From a 
mating between stocks 90 and S an 
exconjugant clone known to be descended 
cytoplasmicly from a stock S_ parental 
cell and clearly more vigorous than S X S 
control clones was passed through au- 
togamy to produce a family of F2 clones. 
From this family one clone, F2 8B-8, 
was selected for study of vigor. Simi- 
larly, an Fl clone from a 90 X R mating, 
superior in fission rate to R X R controls 
and descended cytoplasmicly from a 
stock R parental cell, was allowed to pro- 
duce a second family of F2 clones by 
autogamy and from this family one clone, 
F2 44B-2, was selected for the study of 
vigor. Finally, an Fl clone from an 
RxXS_ cross, descended cytoplasmicly 
from a stock S parental cell and clearly 
showing hybrid vigor also gave rise to a 
family of F2 clones and from this family 
one clone, F2 133-7, was selected for 
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study. These three clones, being homo- 
zygous at all loci as a result of their 
origin by autogamy, could be maintained 
without genetic change through further 
inbreeding by autogamy or conjugation. 
Such further inbreeding occurred in the 
mass cultures to which these clones gave 
rise and inbred lines were isolated from 
them for study. 

In view of the reference above to pos- 
sible occurrences of failure to cross-fer- 
tilize, the question of whether these three 
F2 clones were descended from hybrids 
needs to be examined. Two facts indi- 
cate that the F2’s were obtained from 
hybrids. First, each F1 clone, which 
later gave rise to a family of F2 clones, 
was descended cytoplasmicly from a cell 
of one of the weaker parental stocks, R 
and S; soon after their origin these Fl 
clones became much more vigorous than 
control R x R and S X S progeny. Sec- 
ond, many exautogamous F2 clones from 
each hybrid were inviable; this does not 
happen at autogamy in stock 90; it is a 
well-known sign of interstock crosses. 
The evidence strongly suggests the origin 
of these F2 clones from hybrids but the 
point is not proved. However, in ex- 
periments to be described in the next 
section hybridity was firmly established 
by following the segregation of marker 
genes; it may be noted here that the 
study of clones assumed to be of hybrid 
descent leads to the same conclusions as 
does the analysis of clones for which 
hybrid origin is known. 

The three F2 lines and the three pa- 
rental stocks were compared as to vigor 
in two experiments. In the first, pairs 
of conjugants were obtained from each of 
the six mass cultures and four exconju- 
gant clones from each inbred mating were 
followed as daily reisolation lines. In 
the second experiment, twelve vegetative 
isolates from each of the six mass cul- 
tures were followed as daily reisolation 
lines. In both experiments the lines were 
maintained for ten days and the average 
number of fissions per day for each line 
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TABLE 3. A comparison of the mean daily fission 
rates of the three parental stocks and the three 
F2 cultures which were selected from 
hybrids among them 








Mean daily fission 











rate of 
Excon- Vegeta- 
jugant tive 
Culture Origin of culture lines lines 
90 Parental Stock 3.6 4.0 
S Parental Stock 2.7 2.7 
R Parental Stock 2.8 2.6 
8B-8 Fi (90 x S) 3.9 3.7 
44B-2 Fi (90 X R) 4.0 4.0 
133-7 Fi (S X R) 3.7 3.3 
was calculated from these data. The re- 


sults are presented in table 3. 

Inspection of table 3 shows that F2 
clones of 90x S and 90X R descent 
yield subcultures which are much more 
vigorous than the weaker parental stock 
which entered each cross and that these 
subcultures are comparable in vigor to 
control lines isolated from stock 90. F2 
clone 133-7 produces subcultures which 
reproduce more rapidly than either of 
the contributing parental stocks, R and 
S. Granting that these F2 clones are 
descended from hybrids, there can be no 
doubt as to the maintenance of “hybrid” 
vigor among completely homozygous cul- 
tures. 

Although one would like to compare 
the vigor of the F2 clones with that found 
among the F1 clones this must be done 
with caution. Comparisons are rendered 
difficult by variations in fission rate from 
experiment to experiment with the same 
strains, and by similar variations among 
the progeny of a given mating. In spite 
of these vagaries a comparison of the 
data in tables 2 and 3 shows no obvious 
reduction below the level of F1 vigor for 
F2 cultures from clones 8B-8 and 44B-2. 
The most vigorous Fl clones from 
crosses of 90 x S and 90 X R are able 
to reproduce as rapidly as 90 x 90 prog- 
eny and F2 cultures from these hybrids 
are about as vigorous as the stock 90 con- 
trols. The situation for the S X R cross 
is apparently different; whereas the Fl 





R. W. SIEGEL 


clone (SI X RII) which yielded by au- 
togamy F2 133-7 was fully as vigorous 
as stock 90, isolates from F2 133-7 may 
be somewhat slower in reproductive rate. 
But this does not alter the major con- 
clusion which deserves emphasis, namely 
that subcultures from this F2 surpass in 
vigor, parental stocks R and S, hence 
vigor, in this case at least, cannot be ex- 
plained solely in terms of heterozygosity. 


A Cross of Stocks P and R 


The interpretation of the- foregoing 
crosses is that hybrids may show more 
vigor than the parental stocks which pro- 
duced them and that vigor comparable to 
that of the hybrids is found among homo- 
zygous F2 clones. The validity of this 
conclusion depends upon the assumption 
that the vigorous progeny of interstock 
matings are indeed hybrids; furthermore, 
the failure to find improved vigor for 
certain matings was attributed to a fail- 
ure of normal cross-fertilization, hence 
absence of hybrids for these “conjuga- 
tions.”’ Although evidence justifying this 
assumption was found, the critical test for 
true conjugation, that is, the segregation 
of marker genes among the F2, was un- 
fortunately lacking. In the experiment 
to be described next the segregation of 
marker genes was followed and any 
doubts about the hybrid origin of such 
clones were allayed. 

Stock P is homozygous for the gene 
mt making the formation of mating type 
II cells impossible; stock R is homozy- 
gous for the dominant allele mt+ and 
cells of mating types I and II are readily 
produced. Stock P cultures are dis- 
tinctly more vigorous than cultures from 
stock R (see table 4) and the occurrence 
of improved vigor following interstock 
matings can be correlated with the ge- 
netic evidence for hybridity in this case; 
further, the failure to find improved vigor 
among the descendants of certain excep- 
tional matings should be paralleled by a 
failure to observe segregation for the 
marker genes. 

Exautogamous caryonides were iso- 





























PARAMECIUM AURELIA 


lated from mass cultures of stocks P and 
R and allowed to undergo about 15 fis- 
sions; cells from an exceptionally vigor- 
ous caryonide of stock R, mating type II, 
were mixed with those from a caryonide 
of stock P in order to initiate an inter- 
stock cross. Eighteen pairs were isolated 
from the mating, exconjugant clones 
were reisolated from each pair and were 
thereafter maintained in daily serial re- 
isolation cultures. After four days it 
was noted that 17 pairs each yielded two 
clones which reproduced at four to six 
fissions per day; at this time two clones, 
22A and 22B, descended from one of 
these pairs were selected for further anal- 
ysis. On the other hand, the exceptional 
pair yielded one clone which reproduced 
at about three fissions per day and a 
second clone which divided about four 
times per day; this pair of clones, 19A 
and 19B, was also selected for further 
study. The remaining 16 pairs of clones 
were discarded. 

After 18 days, the average number of 
daily fissions for the selected four clones 
was as follows: 22A, 4.8; 22B, 4.6; 19A, 
3.9; 19B, 3.2. Clearly then the descend- 
ants of pair 22 were more vigorous than 
those derived from pair 19. Clones 22A 
and 22B proved to be mating type II, 
while clones 19A and 19B were types I 
and II respectively. These observations 
are consistent with the hypothesis that 
the more vigorous pair of clones were 
hybrids (mt+/mt) while clones 19A and 
19B were descended from cells of stocks 
P and R respectively which failed to ex- 
change gametic nuclei during mating. 

Families of exautogamous isolates 
were produced from each of the four 
clones. Clones 22A and 22B produced 
but few viable F2 cultures (6% and 
13%), providing further evidence that 
they originated from a true cross. But 
the viability of exautogamous isolates 
from 19A and 19B was 72% and 22%, 
a result consistent with the hypothesis 
that they had not originated from excon- 
jugants. (It will be recalled that stock 


409 


R_ characteristically shows much invia- 
bility at autogamy. ) 

The viable exautogamous clones were 
maintained as mass cultures and autog- 
amy was allowed to occur in each; sub- 
sequently, samples of the cells present in 
each mass culture were examined for 
mating type. All of the ten derivatives 
from 19A consisted solely of mating type 
I cells; like stock P, clone 19A and its 
descendants cannot form type II. Each 
of the fourteen viable cultures from 19B 
produced both mating types I and II and 
hence this clone and all of its progeny 
were similar to parental stock R. The 
original pair-mating from which clones 
19A and 19B were obtained must have 
involved double autogamy (cytogamy) 
rather than conjugation, for no evidence 
of the segregation of the marker genes 
was found. 

Ten F2’s from Fl 22A were studied; 
of these, seven formed cells of mating 
types I and II while three were able only 
to produce type I cells. Fl clone 22B 
produced thirteen viable F2 cultures and 
of these eight formed mating types I and 
II and five produced only type I progeny. 
The occurrence of the two parental pheno- 
types among these exautogamous clones 
establishes the segregation of the alleles 
mt and mt+ at nuclear reorganization 
for clones 22A and 22B. Hence both Fl 
clones must have been hybrids for what- 
ever genic differences exist between 
stocks P and R. 

The correlation of improved vigor with 
heterozygosity is clearly demonstrated. 

It is conceivable that cultures derived 
from heterozygotes have not passed 
through autogamy but instead have re- 
generated their macronuclei from frag- 
ments of the original Fl macronucleus 
(Sonneborn, 1947); in the present case, 
such cultures could express mating types 
[ and II and so would not be distin- 
guished from homozygous mt+/mt+ 
F2’s of autogamous origin. On the other 
hand, cultures unable to produce mating 
type II (mt/mt) can only arise from F1 
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clones by autogamy and so must be 
homozygous for all loci. 

If F2 cultures known to be mt/mt and 
descended from a heterozygous mt+/mt 
F1 clone are more vigorous than subcul- 
tures from either parental stock, then 
the fact that improved vigor occurs 
among completely homozygous descend- 
ants of an interstock cross has been es- 
tablished. An experiment comparing the 
vigor of eight mt/mt F2 clones with eight 
subcultures from stock R and eight from 
stock P was conducted. A single vege- 
tative cell was isolated from each F2 and 


TABLE 4. A comparison of the mean fission rates 
for isolates from stocks P and R with 
F2’s from P X R hybrids 




















Average 
Subculture daily 
or F2 Origin fissions 
1 Stock R 2.1 
2 Stock R 2.9 
3 Stock R 1.7 
4 Stock R aa 
5 Stock R 1.8 
6 Stock R 2.4 
7 Stock R 2.2 
8 Stock R 2.4 
9 Stock P 4.4 
10 Stock P 4.1 
11 Stock P 4.2 
12 Stock P 3.8 
13 Stock P 4.2 
14 Stock P 4.2 
15 Stock P 4.0 
16 Stock P 4.1 
F2-A5 Fi 22A Died 
(P X R) 
F2-A10 Fi 22A 1.6 
(P & R) 
F2-A14 Fi 22A 2.0 
(P X R) 
F2-B2 Fi 22B 2.8 
(P X R) 
F2-B3 Fi 22B 4.9 
(P X R) 
F2-B4 Fi 22B 4.4 
(P X R) 
F2-B8 Fi 22B 3.8 
(P X R) 
F2—-B10 Fi 22B 0.8 
(P X R) 
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from each parental subculture and the 
progeny of each isolate were observed for 
twelve days in serial daily reisolation cul- 
tures; the average number of daily 
fissions for these 24 lines was then com- 
puted; the results are presented in table 
4. ; 
A comparison of the average daily fis- 
sion rates for F2’s and parental lines 
shows that some F2 cultures may be 
more vigorous than the best parental cul- 
tures while others may be less vigorous 
than the poorest parental lines. A repli- 
cate test of vigor yielded concordant re- 
sults. 

The data from the P X R cross dem- 
onstrate the correlation of Fl hybridity 
with improved vigor. The descendants 
of cells which form pairs but do not hy- 
bridize are not more vigorous than the 
parental material. Finally, completely 
homozygous F2’s may be comparable in 
vigor to the F1 heterozygotes from which 
they are descended and more vigorous 
than cultures from either parental stock. 
The existence of such F2’s proves that 
improved vigor cannot always be ex- 
plained solely in terms of heterozygosity 
per se. 


DISCUSSION 


The data described above show that 
hybrid vigor is characteristic of certain 
crosses performed under laboratory con- 
ditions. The question now arises as to 
whether these results have a general sig- 
nificance for the problem of evolution: 
Do the data now available permit an 
evaluation of the role of hybrid vigor in 
P. aurelia? Finally, the bearing of the 
present analysis on current theories of 
hybrid vigor will be presented. A dis- 
cussion of these problems should be pref- 
aced by further comments on the meth- 
ods and the materials employed in the 
present analysis in so far as they may 
have influenced the conclusions reached. 

It is important to note that methods 
other than that of mean daily fission rates 
can be used to compare the vitality of 
experimental and control cultures and 

















PARAMECIUM AURELIA 


that they may yield results which lead to 
conclusions inconsistent with those drawn 
from the method used. For example, 
while cells of stocks R and S typically 
divide more slowly than cells from hybrid 
clones of R and S origin, the percentage 
of death at fertilization in the parental 
stocks may be lower than that of the 
hybrids. Therefore stocks R and S 
would be judged less vigorous than their 
hybrids by the first criterion and more 
vigorous by the second. In view of this 
fact some justification for the choice of 
mean daily fission rates as a_ suitable 
measure of vigor is in order. 

A population descended from a single 
cell will consist of 2" cells where n is the 
total number of fissions. To take a 
simple example, assume the fission rates 
of two genetically diverse cells used to 
initiate a population differ by as small a 
factor as 0.5 fission per day; then after 
20 days (an approximation of the normal 
interautogamous interval for clones of 
variety 1) the two genotypes will be 
present in the population in a ratio of 
1024:1. Now even though the cells of 
the less frequent (more slowly reproduc- 
ing) genotype may pass through autog- 
amy without death while only 5% of 
the cells of the prevailing genotype sur- 
vive autogamy, the exautogamous pop- 
ulation will be expected to consist ini- 
tially of many more representatives of 
the faster reproducing but less viable (at 
autogamy) genotype. (It should be rec- 
ognized that the figures 0.5 and 5% are 
both quite low values.) Given such an 
advantage, the cells endowed with a 
higher fission rate will come to dominate 
numerically, if not entirely replace, the 
more slowly reproducing genotype in a 
very few cycles of vegetative growth and 
fertilization; consequently, reproductive 
rate would appear to be a more suitable 
measure of vigor than death at fertiliza- 
tion. 

If extrapolated to conditions found in 
nature, the most serious limitation to this 
argument is that imposed by the as- 
sumption of an excess of available food 
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permitting unrestricted growth rates. 
When the daily fission rate of each geno- 
type is curbed by the available food sup- 
ply other factors may determine the con- 
stitution of the final population; for 
example, preliminary studies have re- 
vealed that stock S reaches a higher pop- 
ulation density than stock 90 when both 
are maintained at submaximal growth 
rates. Under these conditions the ad- 
vantage of rapid reproduction is erased 
but the amount of death at fertilization is 
apparently unaffected. In spite of this 
consideration, mean fission rate was 
chosen as the indication of hybrid vigor 
in that it would seem the most con- 
venient, if not the most realistic, way to 
represent the basis for selection among 
naturally occurring populations. 

The materials employed will be con- 
sidered next. It is a generally recognized 
fact that most (if not all) newly estab- 
lished stock cultures of P. aurelia yield 
isolates which will reproduce at about 
four fissions per day under optimal con- 
ditions ; no instance of a new stock whose 
growth rate is as low as two divisions per 
day has been recorded. By this standard, 
the overwhelming majority of cells exist- 
ing in nature would be judged as vig- 
orous. 

But three of the four stocks used here 
were not representative of material 
freshly collected from nature; many 
stocks lose their original reproductive 
vigor during the course of twenty or more 
years in laboratory culture. Soon after 
they were isolated from nature, stocks R 
and S reproduced at about ‘four fissions 
per day (Sonneborn, personal communi- 
cation). Now, some twenty years later, 
a considerable fraction of the original re- 
productive vigor has been lost. Although 
stock 90 has not been maintained in lab- 
oratory isolation as long as stocks R and 
S and is far more vigorous than these, 
some indication of impending decline is 
available. The subculture of stock 90 
selected for the crosses described here 
was sent to me by H. M. Butzel and was 
found to be extremely vigorous. But 
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another subculture obtained from Son- 
neborn’s laboratory was much weaker 
and was not used. Unless artificial se- 
lection is practiced, it would not be sur- 
prising to find stock 90 as weak as stocks 
R and S at some future date. 

Thus it is obvious that selection for 
vigorous cells must occur in nature and 
that similar selective forces may be sus- 
pended under conditions of laboratory 
culture. Once cultures are established as 
laboratory stocks outcrossing is prohib- 
ited; under these circumstances, genetic 
diversity and heterozygosity are entirely 
dependent upon spontaneous mutations. 
On the other hand, some hybridization 
undoubtedly occurs in nature (see be- 
low). The supposition that hybridiza- 
tion is a factor in the persistence of vigor 
in nature is supported by the fact that 
hybrids between weak parental stocks R 
and S are (in most cases) as vigorous as 
cells to be found in nature. It may be 
postulated that stocks R, S and 90 were 
isolated from sources in which other rep- 
resentatives of variety 1 were present. 
If so, then natural selection coupled with 
hybridization can account for the orig- 
inal vigor of these and other stocks; 
interference with these processes would 
be expected to result in a decline of vigor 
as has been observed for laboratory cul- 
tures. 

Stock P apparently provides a clear- 
cut exception; unlike stocks R, S and 90 
it has shown no signs of loss of vigor 
although it has been kept in the labora- 
tory almost as long as they. In this case, 
vigor is maintained in the absence of 
natural selection and hybridization. But 
it is evident that the stock was obtained 
from a natural population in which con- 
jugations did not occur. P was isolated 
about twenty years ago from a source 
which yielded only samples of variety 1; 
the other four stocks from this source are 
similar to stock P in that they cannot 
form mating type II! Beale (1954) 
finds these five stocks isogenic for three 
antigen determining loci. It can only be 
concluded that the biology of stock P 
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is such that vigor does not deteriorate in 
the course of long periods of sexual re- 
production by inbreeding either in na- 
ture or under conditions of laboratory 
culture. 

These facts provide some answer to 
the questions originally raised. First, it 
is obvious that hybrid vigor plays a very 
minor role in the successful maintenance 
of certain populations such as that from 
which stock P was derived. Second, 
other populations such as those from 
which stocks R, S and 90 were obtained 
might avoid decline in vigor through the 
agency of periodic hybridizations. Cer- 
tainly hybridization can lead to improved 
vigor ; what is the evidence that outcross- 
ing occurs in nature? Three studies are 
pertinent to this question; it may be said 
in advance that while conjugations lead- 
ing to the production of heterozygotes 
may occur in nature, the possibility that 
such conjugations occur only among close 
relatives has not been eliminated. 

First, an early report by Jollos (1921) 
includes some evidence for the occurrence 
of heterozygotes in nature. The vegeta- 
tive progeny of a single wild individual 
were allowed to conjugate and there ap- 
peared among the exconjugant clones 
some whose resistance to As,O, was 
higher than that of the original parental 
stock. Although Jollos interpreted these 
as recombinants, an adequate genetic 
analysis is lacking. 

Second, Beale’s (1954) study of the 
serotypes found among 37 stocks of vari- 
ety 1 provides indirect evidence for hy- 
bridization in nature. Each of the stocks 
examined has been found capable of de- 
veloping antigens of the types S, G and 
D, and each of these three types embraces 
a number of subtypes. Thus there are 
three subtypes of S, six subtypes of G 
and seven subtypes of D. Appropriate 
crosses revealed that three loci control 
the appearance of the three major types 
and that a series of multiple alleles at 
each of these loci determines the par- 
ticular subtypes which a cell can produce. 
Beale’s data reveal that 21 different com- 
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binations of subtypes exist among the 37 
stocks; the variety of genotypes present 
in this material suggests that cross breed- 
ing has occurred. This inference is con- 
firmed by Beale’s (unpublished) discov- 
ery of heterozygotes among variety 1 
cells isolated from natural sources. 

Third, direct evidence for the occur- 
rence in nature of conjugation among 
diverse genotypes is available (Pringle, 
1956). Animals were collected from a 
single source in Scotland for about a 
year and a total of 87 cells belonging to 
variety 9 were studied. Pringle was able 
to classify these cells on the basis of their 
antigenic properties and found three al- 
leles which modify the specificity of sero- 
type G to be present in the sample. 
Seven of the cells proved to be heterozy- 
gotes. Granting that the sample is small, 
Sonneborn’s (1957) calculations of 
Pringle’s data indicate that the popula- 
tion is not in genetic equilibrium and 
breeding at random; the coefficient of 
inbreeding is 0.74. Evidently then, this 
population of P. aurelia is predominantly 
inbred but genetic variation has been in- 
troduced through conjugation. 

These results establish without doubt 
that conjugations do take place in nature. 
But they leave unanswered two signifi- 
cant questions; first, what is the over-all 
frequency of conjugation in nature and 
second, how frequently do cells with 
widely differing genotypes form hybrids? 
Sonneborn (1957) has dealt with these 
problems in an extensive review and con- 
cludes that the features of variety 1 equip 
it for some, though infrequent, outcross- 
ing. In view of the uncertainty about 
the frequency of hybridization in nature 
it is difficult to evaluate the role of het- 
erosis in the evolution of this group. 
However, the data now available strongly 
indicate that even for the inbreeder, the 
occasional hybrids which do occur may 
be extremely important to the biological 
success of the variety. 

It is clear that P. aurelia could make 
excellent use of heterozygotes which are 
formed in nature; that is of particular 
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importance for an organism in which 
the genetic variability made possible by 
both the shielding of recessives through 
heterozygosity and the establishment of 
balanced polymorphism are virtually ex- 
cluded by a breeding system which favors 
inbreeding. Several factors are worthy 
of mention in this connection. First, the 
progeny of outcrosses are regularly as 
viable as those from control (inbred) 
crosses and these hybrids may exceed 
one or both parents in fission rate; under 
certain circumstances these will enjoy a 
distinct selective advantage. Second, 
most heterozygotes soon pass through 
autogamy (the relatively short inter- 
autogamous interval for most varieties 
makes further outcrossing possible, but 
unlikely) or self, leaving among their 
descendants novel genotypes some of 
which may be more vigorous than either 
parent. 

To this should be added the fact that 
the genes in P. aurelia are distributed 
among some 35 to 52 chromosomes. If it 
is assumed that vigor is controlled by 
dominant polygenes, then a system of 
large numbers of small chromosomes ob- 
viously favors freedom of recombination 
for “advantageous” genes (Sonneborn, 
personal communication) and _ provides 
an admirable escape from the irons of 
genetic stasis for the inbreeder. 

In contrast with those organisms in 
which intensive inbreeding does not oc- 
cur, advantageous gene complexes will 
not be disturbed by inbreeding in P. 
aurelia. This is brought abqut by the 
facts that most fertilizations are by autog- 
amy or conjugation among closely re- 
lated cells and that these processes usu- 
ally occur in animals which are already 
homozygous. One can hardly avoid the 
conclusion that outcrossing is beneficial 
and that inbreeding is not harmful; on 
the other hand, the fact that stocks R 
and S become weak after many years of 
culture in the laboratory suggests that 
long continued inbreeding in the absence 
of natural selection may be detrimental. 

Recent results establish the fact that 
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stocks of variety 1 may vary in popula- 
tion density under diverse conditions of 
laboratory culture; further, while the 
population density of one stock is higher 
than that of another in one environment 
this numerical advantage is reversed for 
a different set of conditions. Since the 
genotypes occupying a given pond or 
stream must be subjected to more or less 
drastic seasonal and yearly fluctuations 
in physical environment and food supply, 
the survival of the race may depend upon 
a regular pattern of genetic recombina- 
tion which provides adaptive phenotypes. 
Taken collectively, these considerations 
together with the discovery of hybrid 
vigor and its maintenance through in- 
breeding suggest that the role of out- 
crossing cannot be overlooked in discus- 
sions of the evolution of P. aurelia. But 
a more satisfactory analysis of the evolu- 
tion of the group can only emerge from 
extensive “population cage’ studies such 
as those recently reported by Kimball 
et al. (1957) together with further in- 
formation on the constitution of natural 
populations. 

The data obtained from crosses among 
stocks R, S and 90 can be used to gain 
some understanding of the genetic basis 
for hybrid vigor. Employing a method 
used by Smith (1952) it can be shown 
that the parental genotypes probably dif- 
fer by dominant genes which increase 
fission rate; when brought together in a 
hybrid the effect is enhanced vigor. The 
preponderance of such dominant genes 
can be estimated from the F1 data pre- 
sented in table 2. Deviations of the F1 
means from mid-parent or control values 
(arithmetical average of parental means in 
that cross) gives a value Fl — MP for 
each cross. The ratio of the deviation of 
the F1 from the mid-parent to half the pa- 
Fl — MP 

Ye (P, — P,)’ 
measure of the relative potence of the 
gene sets. The results are presented in 
table 5; the potence ratios for Fl means 
fall, on the average, 2.0 to 3.6 of the 


rental difference, is a 
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distance from the fission rate of the mid- 
parent to the fission rate of the most 


rapidly dividing parent. (A_ negative 
value would have indicated that the Fl 
means fall between the mid-parent and 
the least vigorous of the two parents.) 
The Fl’s divided more rapidly, on the 
average, than the mid-parent; thus there 
is in the Fl a preponderance of dom- 
inant genes that serve to increase the 
daily fission rate. If the differences in 
fission rate among the parental stocks 
had been caused by dominant genes 
which decrease growth rate or by reces- 
sive genes which increase growth rate, 
then the average potence values would 
have been negative. 

When hybrids undergo autogamy, the 
dominant genes responsible for improved 
Fl vigor are reshuffled and new com- 
binations allowing more vigor than either 
parental type may be formed among the 
F2. 

Two classical hypotheses, both brought 
forward in the years 1908-1910, at- 
tempt to explain hybrid vigor and the 
deleterious effects of inbreeding in Men- 
delian terms. While both the dominance 
and overdominance hypotheses lead to 
the same expectations in most organ- 
isms, in P. aurelia they can be tested with 
some degree of finality. 

The overdominance hypothesis cannot 
account for the fact that entirely homo- 
zygous F2 lines can show more vigor 
than either parental type (R XS and 
P x R crosses). Furthermore, it has 
been found that certain of the F2 lines 
descended from crosses of 90 X S and 
90 x R are comparable in vigor to the 
most vigorous of the parental strains 
(stock 90 in each case) and are probably 
as vigorous as the heterozygous F1 hy- 
brids; in any case, hybrid vigor is not 
noticeably reduced in spite of complete 
homozygosity. The dominance hypoth- 
esis predicts these results; since the pa- 
rental genotypes differ by dominant genes 
which increase fission rate, and since 
these factors are recombined at autogamy, 
some F2 lines should be more vigorous 
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TABLE 5. Difference in daily fission rate between the Fl and mid-parent (F1—MP) and the potence 


ratio in interstock crosses. 


Both values are expressed as the average for each 


stock in crosses with the other two stocks 








Experiment 1 


Experiment 2 














Stock Fil —MP Potence Fi —MP Potence 

90 +0.86 — 0.97 +0.63 —1.17 

S +1.10 + 10.00 +0.83 +5.19 

R +1.38 + 1.77 +0.84 +2.00 

Average +1.11 + 3.60 +0.78 +2.01 
than their parents and some F2 lines relatively unaltered cytoplasm. Such 


should be as vigorous as the Fl’s. 

These findings do not entirely elimi- 
nate the possibility that intra-allelic in- 
teractions lead to Fl vigor. The fact 
that F2 line 133-7 is less vigorous than 
the Fl from which it was produced could 
be construed as evidence that some frac- 
tion of Fl vigor is due to heterozygosity. 
But overdominance is certainly not the 
necessary nor the most satisfactory ex- 
planation of Fl vigor in this instance. 
Should future studies disclose F2 lines 
from the R X S cross which are unques- 
tionably as vigorous as the Fl’s then 
overdominance would be virtually ruled 
out. 

Additional support for the dominance 
hypothesis is provided by an analysis of 
the effects of inbreeding in the related 
Ciliate Tetrahymena pyriformis carried 
out by Nanney (1957). In contrast with 
the work reported here on Paramecium, 
Nanney measured degeneration in terms 
of death at conjugation, nonconjugation 
among paired cells and the appearance 
of micronuclear anomalies. In this or- 
ganism close inbreeding leads to a loss of 
vigor; however, with selection and fur- 
ther inbreeding vitality can be restored. 
As Nanney points out, this result 
strongly favors the dominance hypothe- 
sis. 

P. aurelia should be exploited for fur- 
ther investigations of the mechanism of 
hybrid vigor. For example, Shull 
(1912) postulated that hybrid vigor may 
be due to the stimulus arising from the 
interaction of a changed nucleus in a 


studies are made attractive by the fact 
that conjugation normally yields for 
comparison pairs of clones identical in 
genotype but endowed with diverse cyto- 
plasms. By experimental design, the 
vigor of progeny descended from un- 
usual conjugants which have exchanged 
reciprocally both genes and cytoplasm 
can be compared with that found for 
other crosses. The conjugations reported 
here do not serve to answer these ques- 
tions because the detailed observations 
necessary for the detection of cytoplasmic 
exchange were omitted. 


SuM MARY 


Four genetically distinct stocks belong- 
ing to variety 1 were interbred in var- 
ious combinations. With respect to 
mean daily fission rate, some hybrids 
(R x S and P X R) were more vigorous 
than either parental stock while others 
(S x 90 and RX 90) were about as 
vigorous as the most vigorous parent. 
F2’s were produced by passing F1 hy- 
brids through autogamy; consequently 
the F2’s became homozygous for all loci. 
Certain F2’s from two crosses (R XS 
and P X R) were more vigorous than 
either parental stock; F2’s from other 
crosses (S X 90 and R X 90) were com- 
parable in vigor to the most vigorous of 
the parental stocks. 

It is obvious that hybrids can enjoy a 
selective advantage over their progeni- 
tors. Since conjugation is known to oc- 
cur in nature the possibility that matings 
may generate genotypic fluctuations of 
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evolutionary significance cannot be over- 
looked. 

The parental genotypes probably differ 
by dominant genes which increase fis- 
sion rate; when brought together in a 
hybrid the effect is enhanced vigor. 
When the loci are reshuffled to form an 
F2, new combinations more vigorous 
than either parent may result. The fact 
that these F2’s are completely homozy- 
gous rules out for these cases the “‘over- 
dominance” hypothesis of heterosis. 
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NOTES AND COMMENTS 


THE EVOLUTIONARY SIGNIFICANCE OF THE SCROTUM 


RAYMOND B. CowLes 


In a note published in Evortution, Ruibal 
(1957) effectively disproves Portmann’s thesis 
that the origin of the scrotum and its present 
importance is exclusively a sexual adornment 
rather than being primarily a necessary thermo- 
regulatory device. 

In discussing Portmann’s radical departure 
from the generally accepted views, Ruibal does 
concede that the “Proboscidea and the Hyra- 
coidea thus stand out as the groups of homoio- 
thermous mammals with abdominal testes that 
make a strong exception to the rule.” 

I feel that the subject is of sufficient impor- 
tance to justify some additional comments here. 

It is probable that the Proboscideans, at least 
the Indian elephant should pose no problem 
since in conformity with the inversion of meta- 
bolic rates with increase in size, their nor- 
mal temperature is low compared with that of 
other mammals and falls at the lower limit of 
known spermatogenesis-blocking temperatures, 
36.5-38° C. (Cowles, 1945a, b, and 1946b). I 
would like to commit myself to the prediction 
that for the Hyracoidea, normal temperatures 
will be found to lie in a range of 36.5° C. or 
lower, or that spermatogenesis will take place 
either during a temporary fall in temperature 
that is correlated with their diurnal cycle, in a 
manner similar to that in the bird, or that it 
occurs during prolonged annual cooler or wet- 
ter (hence cooling) seasons. Some one with 
access to sufficient numbers of the Hyracoidea 
would find it profitable to explore these 
possibilities. 

In addition to his comments on the scrotum 
as a thermoregulatory device in reproduction, 
Ruibal also interprets the situation in the birds 
by reemphasizing the findings of Wolfson 
(1952) and Salt (1954) of a cloacal protuber- 
ance containing sperm which suggests that even 
mature sperm may be incapable of withstanding 
normal avian temperatures, which if true would 
explain sperm storage outside of the abdomen 
in this external cloacal protuberance which con- 
tains the convoluted portion of the vas deferens. 
Additionally, Ruibal integrates these findings 
with the work of Riley (1937) on the intermit- 
tent, thermally correlated spermatogenesis of 
the English sparrow Passer domesticus. 

Although Ruibal (supra cit.) does not men- 
tion them, there is additional confirmation in 
the studies of Allender (1936), and Macartney 
(1942) also discusses a diurnal rhythm of mito- 
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sis in domestic fowl as does Riley (1940) who 
observed only slight diurnal differences in the 
number of mitotic figures in the domestic fowl. 

Cowles and Nordstrom (1946) demonstrated 
the existence of a scrotal like arrangement of 
the abdominal air sacs in the Brewer’s black- 
bird, Euphagus cyanocephalus. In this species 
there is envelopment of the testes during the 
season of spermatogenesis in such manner that 
body heat should be buffered. This situation 
may be of particular importance because the 
heat vulnerability in male reproduction seems to 
occur chiefly during the process of maturation 
at some 36 to 38° C. rather than in the thermal 
susceptibility of the mature germ cells. It 
might be assumed that the air in the sacs would 
have the same temperature as that in the ab- 
domen except that there is continual circulation 
of the air through the sac. Zeuthen, quoted in 
Drogh (1941), found that the tidal air in pi- 
geons amounted to 325-600 cc per minute and 
that 49% passed directly or indirectly into the 
abdominal air sacs. Numerous other reports 
strongly suggest that the movement of air on 
its inspiration is directly to the abdominal air- 
sacs and Victorow (1919), after puncturing 
and plugging the thoracic and abdominal air 
sacs of pigeons and stimulating activity, ob- 
served a rise in body temperature of 2.6 and 
3.2° C. whereas in the controls with intact sacs, 
the increase was only 0.7 and 0.9° C. 

In summary it seems probable that in the 
aves we have a case of vertebrates, having high 
normal body temperatures and no external ther- 
mal regulatory scrotum, substituting for this 
device a system that requires nocturnal sper- 
matogenesis when temperatures are regularly 
2-3° C. below the daytime norm’ and that in 
addition there is direct ventilation and a 2-3° C. 
cooling in the air sac that partly or wholly in- 
sulates the testes from the viscera and the 
kidney with its massive blood flow, while sper- 
matogenesis is in progress, and that in addition 
sperms may be stored in an external protuber- 
ance carrying a convoluted portion of the vas 
deferens. Surely there is evidence here that 
does not agree with Portmann’s dismissal of 
the importance of temperature in reproduction. 

Portmann’s unwillingness to accept the exten- 
sive experimental work that has been done in 
this field since at least as early as 1898 and 
continuing to the present, and his substitution 
of an “all or none” speculation based solely on 
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the gaudy posteriors of apes and the orna- 
mented posteriors of some Artiodactyles is less 
than convincing. It may be that in the few 
such highly ornamented creatures sex recog- 
nition and sex selection may play a part, but 
this need not mean that in these as well as in 
the non-ornamented mammals the scrotum does 
not serve as an essentially thermoregulatory 
device. Certainly its location, its covering, the 
functioning of the dartos muscle in positioning 
the testes in response to temperature changes, 
the pampinniform plexus in the vascular supply, 
sweat glands and other cooling adjuncts to- 
gether with a large mass of experimental data, 
should have been convincing enough to have 
persuaded him to make allowances for this 
additional function. 

The profound effect that reproductive ther- 
mal vulnerability may have had in the evolution 
of terrestrial vertebrates has been discussed in 
a synthesis of the literature on the subject fol- 
lowed by some experimentation (Cowles and 
Burleson) and speculations as to the evolution- 
ary possibilities of the phenomena (Cowles, 
1945a, b, c, 1946a, b, c and 1947 and 1949). 
Whether or not Cowles’ hypothetical involve- 
ment of heat sterility and associated phenomena 
will prove to be correct in all respects is a 
matter for others to say but because of the pos- 
sible importance of heat susceptibility in the 
spermatogenic process, it 1s indeed unfortunate 
that in order to support his concept, Portmann 
is not even willing to concede the correctness 
of the conclusions of literally scores of workers. 
After all, the thermal functioning of the scrotum 
need not preclude Portmann’s interpretation for 
at least some animals. 
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INTERACTION BETWEEN GENETIC DRIFT AND NATURAL SELECTION 


3RYAN CLARKE AND MARK WILLIAMSON 


Dept. of Zoology and Comparative Anatomy, Oxford University, England 


Dobzhansky and Pavlovsky, in a recent paper 
(1957), have claimed to demonstrate the impor- 
tance of genetic drift in affecting the frequencies 
of certain chromosomal types. They compared 
the proportions of PP and AR chromosomes 
in two replicate sets of Drosophila populations 
of mixed geographical origin. In ten of these 


populations the founders numbered 4000; the 
other ten were each descended from 20 founders. 
The frequencies of PP and AR in all the popu- 





lations were originally 50 per cent. After 
eighteen months the frequencies of PP varied 
from about 20 to 35 per cent in the “large” 
populations, and from 16 to 47 per cent in those 
descended from small numbers of founders. 
The heterogeneity was significantly greater in 
the “small” set. 

Dobzhansky and Pavlovsky interpret this re- 
sult as being due to genetic drift. There are, 
however, a number of points which they seem 
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to have overlooked. Their data (see pp. 314 
315) are compatible with the hypothesis that 
there may be three possible points of equi- 
librium (at approximately 20 per cent, 33 per 
cent and 47 per cent PP). Which of these 
points were reached by any one population 
might well depend upon the genotypes of the 
founders. It is certain that different genetic 
backgrounds would affect the relative advan- 
tages and disadvantages of chromosomal types. 
In such a case the result would only be inde- 
terminate in the sense that we do not know the 
genotypes of the originators of each population. 
This could hardly be called genetic drift, unless 
drift were equated with “lack of information.” 

Very little is known about the supposedly 
uniform conditions in Drosophila population 
cages. There can be little doubt that their 
microflora could profoundly alter the environ- 
ment within them. This, too, could account for 
the “indeterminacy” of populations of mixed 
geographical origin (p. 312). Populations with 
greater variability might be expected to re- 
spond to environmental changes, where those 
of geographically uniform origin, and less vari- 
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ability, might not. Short of rearing Drosophila 
in aseptic, completely controlled conditions, it 
would be impossible to distinguish between this 
sort of selection and the effects of genetic drift. 

If the final populations tend to fall into groups 
about equilibrium points, as they appear to do, 
then the results of the “small” and “large” sets 
are not significantly different. This is easily 
tested by comparing the numbers of populations 
in each group. Arranging the groups so that 
the differences between the sets are as large 
as possible still gives a probability of more than 
10 per cent that the differences are the result 
of chance. We conclude that these experiments 
cannot be considered as satisfactory evidence 
of genetic drift in experimental populations, but ° 
the possible existence of three equilibrium fre- 
quencies is of great interest and deserves further 
investigation. 
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COMMENT ON “INTERACTION BETWEEN GENETIC DRIFT 
AND NATURAL SELECTION” 


THEODOSIUS DoBZHANSKY AND OLGA PAVLOVSKY 


Columbia University, New York 


If a reply is needed to Clarke’s and William- 
son’s critique, it is that they have overlooked 
the fact that the three points of equilibrium 
which they have imagined to exist among the 
“small” populations are conspicuously absent 
among the experimental populations of geo- 
graphically uniform origins. The fact that the 
equilibria reached in the “small” populations 
are more variable than those reached in the 
“large” ones does mean that different adaptive 


peaks may be attained in populations of geo- 
graphically mixed origin. But Clarke and Wil- 
liamson are mistaken when they write that 
“Dobzhansky and Pavlovsky interpret this re- 
sult as being due to genetic drift.” It is futile 
to try to explain these results either by genetic 
drift alone or by natural selection alone, and 
it is odd that some people seem to be unable 
to conceive that evolutionary changes may be 
due to interactions of both. 


» 





ADDITIONAL NOTES ON THE ORIGIN OF THE TETRAPODS 


R. B. Cowes 
Zoology Department, U. C. L. A. 


Several points of view that have been dis- 
cussed in recent papers on the subject of the 
ecological factors that may have influenced 
tetrapod origins have recently been reviewed by 
Inger (1957). It is of course only through 
this continued effort to integrate all viewpoints 
that the correct explanation will develop or 


that attention will be directed toward the dis- 
covery of new facts that otherwise might not 
have been noted. 

In this latest contribution to the subject Inger 
(tbid.) has matched the older theories and his 
own concepts against relatively new geochem- 
ical and geological data. He also compares 
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evolutionary significance cannot be over- 
looked. 

The parental genotypes probably differ 
by dominant genes which increase fis- 
sion rate; when brought together in a 
hybrid the effect is enhanced vigor. 
When the loci are reshuffled to form an 
F2, new combinations more vigorous 
than either parent may result. The fact 
that these F2’s are completely homozy- 
gous rules out for these cases the “over- 
dominance” hypothesis of heterosis. 
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THE EVOLUTIONARY SIGNIFICANCE OF THE SCROTUM 


RAYMOND B. CowLes 


In a note published in Evotution, Ruibal 
(1957) effectively disproves Portmann’s thesis 
that the origin of the scrotum and its present 
importance is exclusively a sexual adornment 
rather than being primarily a necessary thermo- 
regulatory device. 

In discussing Portmann’s radical departure 
from the generally accepted views, Ruibal does 
concede that the “Proboscidea and the Hyra- 
coidea thus stand out as the groups of homoio- 
thermous mammals with abdominal testes that 
make a strong exception to the rule.” 

I feel that the subject is of sufficient impor- 
tance to justify some additional comments here. 

It is probable that the Proboscideans, at least 
the Indian elephant should pose no problem 
since in conformity with the inversion of meta- 
bolic rates with increase in size, their nor- 
mal temperature is low compared with that of 
other mammals and falls at the lower limit of 
known spermatogenesis-blocking temperatures, 
36.5-38° C. (Cowles, 1945a, b, and 1946b). I 
would like to commit myself to the prediction 
that for the Hyracoidea, normal temperatures 
will be found to lie in a range of 36.5° C. or 
lower, or that spermatogenesis will take place 
either during a temporary fall in temperature 
that is correlated with their diurnal cycle, in a 
manner similar to that in the bird, or that it 
occurs during prolonged annual cooler or wet- 
ter (hence cooling) seasons. Some one with 
access to sufficient numbers of the Hyracoidea 
would find it profitable to explore’ these 
possibilities. 

In addition to his comments on the scrotum 
as a thermoregulatory device in reproduction, 
Ruibal also interprets the situation in the birds 
by reemphasizing the findings of Wolfson 
(1952) and Salt (1954) of a cloacal protuber- 
ance containing sperm which suggests that even 
mature sperm may be incapable of withstanding 
normal avian temperatures, which if true would 
explain sperm storage outside of the abdomen 
in this external cloacal protuberance which con- 
tains the convoluted portion of the vas deferens. 
Additionally, Ruibal integrates these findings 
with the work of Riley (1937) on the intermit- 
tent, thermally correlated spermatogenesis of 
the English sparrow Passer domesticus. 

Although Ruibal (supra cit.) does not men- 
tion them, there is additional confirmation in 
the studies of Allender (1936), and Macartney 
(1942) also discusses a diurnal rhythm of mito- 
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sis in domestic fowl as does Riley (1940) who 
observed only slight diurnal differences in the 
number of mitotic figures in the domestic fowl. 

Cowles and Nordstrom (1946) demonstrated 
the existence of a scrotal like arrangement of 
the abdominal air sacs in the Brewer’s black- 
bird, Euphagus cyanocephalus. In this species 
there is envelopment of the testes during the 
season of spermatogenesis in such manner that 
body heat should be buffered. This situation 
may be of particular importance because the 
heat vulnerability in male reproduction seems to 
occur chiefly during the process of maturation 
at some 36 to 38° C. rather than in the thermal 
susceptibility of the mature germ cells. It 
might be assumed that the air in the sacs would 
have the same temperature as that in the ab- 
domen except that there is continual circulation 
of the air through the sac. Zeuthen, quoted in 
Drogh (1941), found that the tidal air in pi- 
geons amounted to 325-600 cc per minute and 
that 49% passed directly or indirectly into the 
abdominal air sacs. Numerous other reports 
strongly suggest that the movement of air on 
its inspiration is directly to the abdominal air- 
sacs and Victorow (1919), after puncturing 
and plugging the thoracic and abdominal air 
sacs of pigeons and stimulating activity, ob- 
served a rise in body temperature of 2.6 and 
3.2° C. whereas in the controls with intact sacs, 
the increase was only 0.7 and 0.9° C. 

In summary it seems probable that in the 
aves we have a case of vertebrates, having high 
normal body temperatures and no external ther- 
mal regulatory scrotum, substituting for this 
device a system that requires nocturnal sper- 
matogenesis when temperatures are regularly 
2-3° C. below the daytime norm and that in 
addition there is direct ventilation and a 2-3° C. 
cooling in the air sac that partly or wholly in- 
sulates the testes from the viscera and the 
kidney with its massive blood flow, while sper- 
matogenesis is in progress, and that in addition 
sperms may be stored in an external protuber- 
ance carrying a convoluted portion of the vas 
deferens. Surely there is evidence here that 
does not agree with Portmann’s dismissal of 
the importance of temperature in reproduction. 

Portmann’s unwillingness to accept the exten- 
sive experimental work that has been done in 
this field since at least as early as 1898 and 
continuing to the present, and his substitution 
of an “all or none” speculation based solely on 
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faunal behavior in the climatic areas that ac- 
cording to this information seem to be similar 
to Silurian-Devonian time. In so doing he has 
made a strong case for his thesis and at the 
same time much weakened the basis for many 
of the other suppositions. By employing Kry- 
nine’s (1949) conclusions that 95 per cent of 
red soil formation—the primary source of red 
beds—takes place at mean annual temperatures 
of 60° F. and that rainfall must have exceeded 
40 inches, he supports his conclusions that upper 
Devonian climates were moist rather than arid 
and thermally were tropical or subtropical. 
Furthermore, by employing present distributions 
of land-using, aquatic animals, including the 
fishes, he reaches a conclusion that rainfall 
must have been more or less continuous rather 
than markedly intermittent. 

Inger’s conclusions as to the commonly pre- 
vailing climatic conditions are not contradictory 
to views that I have expressed in speculations 
on temperature effects that might have influ- 
enced vertebrate evolution, Cowles (1949), and 
in fact his conclusions with minor modifications 
provide considerable background support for 
these views. Since Inger (tbid.) did not refer 
to the physiological concommitants of a change 
in the thermal environment that would be en- 
countered in moving from an aquatic to a ter- 
restrial existence, it may be appropriate to re- 
view briefly the factors presented by Cowles 
(tbid.) as these bear upon the problem under 
consideration. 

The earliest transitional stages between 
aquatic and terrestrial existences probably oc- 
curred at least in early Devonian and even may 
have extended back into the Silurian. Certainly 
the evidence for tetrapods in the Upper De- 
vonian suggests, as might be expected, that the 
earliest anticipatory stages long antedated the 
latter time. If the evolution of the earliest 
semi-terrestrial tetrapods occurred slowly, there 
would seem to be little doubt but that it took 
place in a largely peneplaned world of low relief 
having slow and therefore probably poor drain- 
age. Under such conditions much of the land 
surface would have consisted of shallow lakes 
and rivers bounded by relatively much greater 
marshy borders than exist today except in 
thoroughly peneplaned areas. Aside from the 
temperature the poorly drained Canadian shield 
consisting of oxbows, ponds and tundra—mus- 
keg may furnish us with a portrait of the topo- 
graphic surroundings that existed during the 
evolution of the tetrapods. 

If this supposition is correct, it is highly 
probable that ideal conditions would have ex- 
isted for the postulated operation of the genetic 
factor of Sewall Wright. Thus in small popu- 
lations in ponds, accelerated speciation should 
have occurred as a result of random genic fixa- 
tion and loss while in the larger populations of 
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larger lakes, speciation would have resulted 
from more selective pressure, moreover the 
exchange of genes creating numerous new com- 
binations certainly should have resulted from 
repeated changes in precipitation or in drainage, 
and associated changes in water levels and sizes, 
and combinations of ponds and lakes, should 
have secured mixing and separation of large 
and small populations of aquatic and associated 
semiaquatic organisms. 

If on this physiographical situation we also 
superimpose a combination of the climatic fea- 
tures postulated by Inger (thid.), Barrell 
(1916) and Krynine (1949), the ideal condi- 
tions should have existed for attaining what 
may have been one of the most difficult of all 
evolutionary steps for vertebrate organisms, 
namely movement from an aquatic to a terres- 
trial environment. This admixture of somewhat 
contradictory views on paleoclimates would ap- 
pear to be fully justified by the assumption 
that over a period of time amounting to at 
least several tens of millions of years, the 
amount and distribution of precipitation might 
be subject to considerable variation with a 
swing from a high maximum rain forest-like 
climate to a low minimum that might border 
on either seasonal or long-term aridity. 

If the climate was subtropical or tropical, 
having temperatures of at least 60° F. and 
with a rainfall exceeding 40 inches (evenly dis- 
tributed according to Inger or periodic drouths 
according to Barrell—Lull—Romer), we may 
carry speculation somewhat further since under 
these conditions the shallow lakes and ponds 
and particularly the marginal areas should have 
been like those in tropical or subtropical cli- 
mates, warm to hot, with heat accumulating to 
the greatest degree in the margins where water 
movement would be least and heat accumulation 
the greatest. How important this heat factor 
may have been can be surmised from our 
knowledge of the diminishing gaseous capacity 
of water as its temperature increases and the 
burden that this effect places on gill respira- 
tion. If the amounts of precipitation changed 
periodically, either seasonally or at longer and 
possibly irregular intervals, the consequent 
drought periods most probably would be char- 
acterized by clear skies and a greatly enhanced 
amount of radiation and water heating, i.e., 
we could expect periods when gill breathing 
would be inadequate and supplementary pul- 
monary respiration would be essential to sur- 
vival. The smallest and shallowest ponds and 
their occupants would be most subject to anoxic 
conditions although surface dwelling fishes such 
as the crossopterygians, even in the larger lakes 
would be susceptible to diminished respiratory 
efficiency and also might be expected to increase 
their chances of survival by increasing their 
dependence on pulmonary respiration. Those 
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fishes that were incapable of adopting supple- 
mentary and emergency air breathing might be 
expected to seek refuge in the cooler depths 
of lakes. Because of low oxygen content at 
depths they would have to resort to slower 
metabolic rates under these conditions. On the 
contrary, surface feeders adapted to high tem- 
peratures and capable of air breathing would 
be vulnerable to attack from below and these 
might, because of greater security from attack 
and a high degree of competition, tend to oc- 
cupy the marginal areas including the shallows 
and from this spread landward where primitive 
arthropods which had already become estab- 
lished on land, might proffer an untapped food 
supply. 

In addition to these climatic effects on aquatic 
vertebrates, two other factors should be given 
consideration: namely, that rising temperatures 
not only decrease the availability of O, and 
removal of respiratory carbon dioxide in the 
aquatic environment, but that rising body tem- 
peratures generally increase metabolic rates and 
hence require still more effective respiration 
under precisely the conditions that make gill 
breathing less effective. Various adaptive de- 
vices might have developed, but so far as the 
record is concerned, pulmonary respiration was 
the most successful escape from the presumptive 
dilemma. A possible reason for this success 
which eventually led to occupation of virtually 
all land areas may have resulted from the fact 
that organisms with higher metabolic rates also 
have greater celerity of neuromuscular re- 
sponses, a fact that should and probably did 
contribute to their survival at the expense of 
slower, more sluggish competitors. Adaptation 
to high temperatures and the benefits that should 
have accrued to those forms that could obtain 
sufficient oxygen to maintain the high meta- 
bolic rates, should have led gradually to the 
adoption of higher and higher temperatures to 
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the level tolerable to somatic cells. Certainly 
the thermal trend from amphibia to mammals 
and birds with few exceptions has been toward 
progressively higher temperatures, higher meta- 
bolic rates, and consequent celerity of movement. 

Among other thermal effects that may have 
contributed to tetrapod evolution might possibly 
have been the role of excessive heat in causing 
sterility (Cowles, ibid.) and increasing muta- 
tion rates, an effect to which has been ascribed 
the great number of species of organisms found 
in tropical countries (Plough, 1941 and 1942) ; 
however in actuality tropical temperatures are 
not high except in contrast to temperate zone 
nonsummer seasons, hence the terms high or 
low should be applied only in terms of a con- 
trasting area or more specifically, in certain 
taxa of organisms or of species involved. For 
complete accuracy it would be necessary to 
know the temperature at which any species or 
taxa had evolved. 
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TRANSATLANTIC CONNECTIONS AND LONG-DISTANCE DISPERSAL 


ASKELL LOVE 
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The phenomenon of transoceanic connections 
between the continents is one of considerable 
evolutionary importance, and it is also among 
the most discussed topics of biology since the 
evolutionary hypothesis was coined by Darwin, 
his predecessors and contemporaries. At that 
time, the evident relationship between the ani- 
mal and plant life on both sides of the Atlantic 
was simply a question of dispersal by aid of 
migratory birds, winds, and sea currents. Al- 





though the Darwinian observations on the dis- 
tinctness of faunas and floras of some oceanic 
islands clearly indicated a more complex ex- 
planation, most biologists were content with 
the hypothesis of long-distance dispersal. 
Those who did not believe in long-distance 
dispersal over the oceans have very often tried 
to explain different distributions by aid of more 
or less hypothetical landbridges over distances 
now covered by deep sea. The production of 
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imaginary landbridges was sarcastically criti- 
cized even by Darwin, but still there is very 
definite testimony for some few such con- 
nections over parts of the oceans where the sea 
is shallow. The evidence is, however, botanical 
and zoological rather than directly geological, 
since geologists have not yet found adequate 
methods to solve such problems. In addition, 
the Wegener hypothesis of continental drift 
has been used by many to explain botanical and 
zoological conditions, although it may some- 
times seem that these could as well be ex- 
plained in a simpler and less drastic way. In 
the case of the Wegener hypothesis, the land- 
bridge hypothesis, and the long-distance disper- 
sal hypothesis biologists are still grouped in 
classes after their belief, since the knowledge is 
still too limited in most cases to allow these 
explanations to leave the plane of vague work- 
ing hypotheses. 

The main reason for this comment is the very 
important step taken towards the scientific solu- 
tion of the problem of the relationships of the 
American and Eurasiatic biota in a recent con- 
tribution by the Swedish entomologist Carl H. 
Lindroth, professor and director of the Zoologi- 
cal Institute of the University of Lund, a well- 
known collector and zoogeographer with expert 
knowledge of the insects of northern lands on 
both sides of the Atlantic. In a truly basic and 
almost too concentrated book on the problem of 
the “Faunal connections between Europe and 
North America” he reviews the facts, weighs 
their importance on the question, and draws 
conclusions of considerable significance. Nat- 
urally, the book is not a complete review and 
concentrates on northern Europe and northeast- 
ern North America, and perhaps some readers 
may feel that there is somewhat unduly strong 
emphasis on Newfoundland, Iceland, Britain, 
and Scandinavia, which the author knows best. 
This limitation, however, is justified by the fact 
that the data from these regions are adequate 
for a reasonably detailed study, and if some hy- 
potheses on transoceanic connections do not fit 
Iceland, they will have to be replaced by better 
explanations. Also, although the author lists 
all kinds of animals, most of his conclusions 
are based on the insects in general and the 
Carabids in particular, since these small in- 
vertebrates have long been his speciality. It 
may be that his classification of other animals 
is based on a too wide species concept, and the 
classification of many of the plants he used 
in the argument certainly is much too collective 
to allow any broad conclusions; but this criti- 
cism does not work against the Carabids and 
many other insects considered. 

Professor Lindroth clearly points out that 
although the problem is that of true relation- 
ships of biota which have not been transported 
over the ocean by aid of human agencies, it 
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is essential for its solution to exclude all such 
man-carried animals and plants. This element 
is of considerable significance and has blurred 
many former attempts. An integral part of 
the book deals with animals and plants trans- 
ported to North America in general and to 
Newfoundland in particular, in ballast or in 
other ways, and it is informative reading which 
demonstrates the importance of this European 
element in America. The author has, perhaps, 
overemphasized some of his descriptions of 
sources for this chapter of the study, and many 
of the pictures in this part of the book might 
have been left out to the benefit of more pages 
on other details. The essential point is, how- 
ever, that he is able to demonstrate very con- 
vincingly that at least 40% and perhaps 47% 
of the insect fauna of Newfoundland has been 
introduced from Europe, and also very many 
plants and other animals. Some of these biota 
have previously been used in arguments for 
the natural relationships of the faunas and 
floras on both sides of the Atlantic. 

The hypothesis of long-distance dispersal over 
oceans has never had a believer in Professor 
Lindroth. In 1931, he published an extensive 
treatment of the Icelandic insects and was able 
to demonstrate that although many of the ani- 
mals of this Atlantic Island must have survived 
the Pleistocene glaciations in refugia never 
before observed, some insects could only have 
arrived from Europe over a land connection 
where the Wyville-Thompson ridge now crosses 
the ocean. Further studies presented in the 
new book support this view, as do also many 
recent botanical and palaeobotanical studies in 
Iceland (cf. Love and Love, 1956). Lindroth 
thought in 1931 that this landbridge must have 
been met with as late as during the last inter- 
glacial, but now moves it backwards to the 
penultimate interglacial. Botanically, it seems 
evident that this connection did not exist at 
the height of the penultimate interglacial, al- 
though it must have been broken prior to the 
last interglacial; Love and Love (l.c.) argue 
that it must have been during the penultimate 
glaciation itself, as was the widest and most 
significant connection between the lands on 
both sides of the Bering Sea. Lindroth does 
not think that this land connection ever ex- 
tended to the American continent and finds the 
main zoological barrier to be between Green- 
land and North America. Botanically the main 
discontinuity is doubtlessly between Iceland and 
Greenland. The occurrence of such a rather 
short-lived landbridge can hardly be disputed 
any more, but its timing and extension are still 
open questions to which botanists and zoologists 
may not have a key so good as that of geolo- 
gists, and particularly oceanographers when 
they study the ocean floor. 

Although there are animals and plants which 
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are restricted to northeasternmost America and 
northwesternmost Europe and have not been 
transported by aid of man over the ocean, 
Lindroth seems to be of the opinion that their 
range cannot be explained by aid of the puta- 
tive landbridge. The present writer agrees, al- 
though there is nothing against the hypothesis 
that a land connection of a similar or even much 
more compact type has occurred earlier be- 
tween these regions. Instead, Lindroth accepts 
Hultén’s hypothesis completely and regards 
these distributions as “remnants of a broken-up 
area of circumpolar type.” It is possible that 
this is correct although many botanists doubt it 
on, as far as can be judged, rather good reasons. 
In fact, the problem can perhaps be most easily 
solved by aid of palynological studies and de- 
tailed cytogenetic analyses based on the east- 
ernmost and westernmost populations of both 
continents. 

As is unavoidable in a book of this kind, 
studying a very complex problem which needs 
to be enlightened from many different angles, 
many statements are somewhat doubtful and 
others may be a bit misleading although not 
intentionally so, and some data may perhaps 
be stressed too far to fit the explanations the 
author believes in. The value of the book as 
a contribution towards the solution of a deli- 
cate and important evolutionary problem is not 
diminished much by these human fallibilities, 
but the reader must take care to consult such 
data with great forethought, especially when 
outside the special field of the author him- 
self. It should also be emphasized that the 
author does not seem to understand the great 
significance of cytogenetical studies in such 
evolutionary problems, and in some places he 
minimizes judgments made on the most con- 
clusive evidence available for evolutionary clas- 
sification of taxa. 

The problem of long-distance dispersal, land- 
bridges, and remnants of broken-up circumpolar 
areas has received very substantial treatment 
by Professor Lindroth, and his contribution, 
though far from supporting the idea of long- 
distance dispersal, will long remain indispen- 
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sable for those interested in these questions. 
But it seems as if the study of these matters 
is approaching the point at which morpholog- 
ical and geographical investigations alone be- 
come insufficient and must be assisted by more 
detailed experimentation. The recent explana- 
tion regarding long-distance dispersal of the 
so-called American element in the flora of the 
British Isles seems to have been made very 
doubtful by the cytological demonstrations of 
different degrees of polyploidy in American and 
Irish populations of some of the essential spe- 
cies of this element (Love and Love, 1958). 
Also, unpublished studies from North America 
have revealed great heterogeneity in some of 
the supposedly circumpolar plants. Whenever 
such detailed experimental studies are started 
with the animals or plants of the amphiatlantic 
groups in order to get closer to the truth of 
their history and origin, the evidence produced 
by Lindroth for the transatlantic connections 
certainly will be of utmost importance. 

The book by Lindroth should be read by all 
those interested in such problems, and it should 
be available in every library. Its critical read- 
ing will support those who doubt the correct- 
ness of the hypothesis of long-distance dispersal 
over unfrozen seas, but it is not equally certain 
that it will remove all doubts regarding the 
explanation of all ranges as remnants of a 
circumpolar area with a centrum only around 
the Bering Sea. The biological world is hardly 
so simple that a single hypothesis can explain 
all the complexities of the many plants and 
animals that inhabit the lands around the boreal 
hemisphere. 
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HYBRIDIZATION BETWEEN DIOECIOUS AND HERMAPHRODITE 
SPECIES IN THE CARYOPHYLLACEAE 
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In recent papers which may not be widely 
circulated, Nygren (1957a, b) has published 
valuable accounts of artificial hybridizations be- 
tween dioecious and hermaphrodite species of 
the sub-family Silenoideae in the Caryophyl- 





laceae. Apart from their taxonomic value, such 
crosses are important because of the informa- 
tion which they can provide relating to the ge- 
netical determination and evolution of “sex” in 
flowering plants. In, addition Nygren’s admirable 
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persistence in attempting the cross between 
Lychnis flos-cuculi Linn. 8 and Melandrium 
rubrum Garcke 6, which was only rewarded 
after five years of work (while the reciprocal 
hybrid took four more years to obtain), has 
revealed that initial (and even repeated) fail- 
ures must not be given too much significance 
in a programme of research in experimental 
taxonomy. 

Because of their considerable intrinsic value, 
it is important that Nygren’s results should be 
examined alongside the results of previous at- 
tempted crossings of dioecious and hermaphro- 
dite species in this sub-family and this compari- 
son is attempted in the accompanying table. 
The picture which is presented here does not 
include data on the many investigations which 
have been made into the inheritance of her- 
maphrodite and intersex conditions occurring 
abnormally within the dioecious species Melan- 
drium rubrum and M. album Coss. & Germ., 
for these states have originated recently by 
various genetic disturbances in the dioecious 
ancestors and are not comparable with the 
possibly primary condition in the regularly 
hermaphrodite species. 

Nygren (1957b) refers to crosses made by 
W. O. Focke (1881), duplicating those per- 
formed by Gartner (1849) in the first half of 
the nineteenth century. However, Focke merely 
reported Gartner's experiments and_ results 
with members of the Caryophyllaceae and, con- 
sequently, cannot be held to have repeated or 
confirmed them. Nevertheless, Gartner, who 
attempted a very large number of crosses in 
this and other families, was a careful worker 
and his results are worthy of close study. His 
book (Gartner, 1849) reveals, for example, 
that the “Melandrium album” 2 material which 
he is reported as having crossed with M. vts- 
cosum Celak. § included, in one case, M. album 
x (M. album X M. rubrum) while, in another 
case, a “second generation” plant from this 
back-cross was used. In addition, Gartner pol- 
linated (M. rubrum X M. album) 2 and M. 
rubrum Q with M. viscosum pollen. As a fur- 
ther complication, it should be reported that he 
also claimed success in producing the seed of 
a triple hybrid with the surprising constitution 
(“Cucubalus pilosus’ X M. viscosum) § X M. 
rubrum 3, where “Cucubalus pilosus” may have 
been Silene italica Pers. 

In addition to work quoted by Nygren 
(1957b), Correns (1907, 1928) also reported 
raising hybrids using M. album and M. album 
x M. rubrum as pistillate parents in crosses 
with M. viscosum (the reverse crosses failing). 
Correns, like Gartner, found the hybrids to be 
completely sterile. However, whereas Gartner’s 
plants could be classified as hermaphrodite, with 
a tendency towards reduction of the androecium, 
Correns stated that his hybrids were all pistil- 
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late with some development of the anther-rudi- 
ments (although his illustrations suggest that 
a “hermaphrodite” description would be more 


appropriate for some plants). Correns con- 
cluded from his studies with these and other 
species that, in general, dioecism is almost com- 
pletely dominant over the bisexual condition. 

Even where there is no doubt about the mech- 
anism of “sex”’-inheritance, however, occasional 
crosses within and between dioecious species of 
Melandrium yield generations which are ex- 
clusively pistilliate or staminate (Correns, 1907, 
1928; Shull, 1914; Béguinot, 1916). Winge 
(1927) showed how lethal genes acting differ- 
entially upon the X- and Y-carrying pollen can 
cause this effect. In addition, Nygren’s (1957a) 
recently-attempted cross between M. angustt- 
folium Walp. $ and M. rubrum ¢ produced a 
single pistillate plant in 1952 although when it 
was repeated a year later all 227 plants which 
eventually flowered were hermaphrodite. 

It is in the light of these results, involving 
inter-specific but intra-generic hybridizations, 
that the crosses between dioecious Melandrium 
and hermaphrodite species referred to the genus 
Lychnis need to be considered. Here again 
there is more historical data which should be 
reported. Gartner (1849) made hybrids by 
pollinating pistillate Melandrium from Lychnis 
flos-cucult. Although he did first use M. ru- 
brum, as reported by Nygren (1957b), it ap- 
pears from the table given in his book that 
most of his work was done with hybrids made 
by pollinating plants derived from the first and 
second generations of the back-cross (M. album 
x M. rubrum) X M. album which probably ap- 
proximated more closely to M. album than to 
M. rubrum. Certainly it was not (M. rubrum 
x M. album) X M. rubrum as asserted by 
Focke (1881). From Gartner’s original at- 
tempt, in 1826, using M. rubrum, 2 pistillate 
and 6 staminate plants were obtained. These 
resembled their pistillate parent and one cannot 
be certain that they were true hybrids. Cor- 
rens (1928), who reported his own failure to 
make the cross in either direction, suggested 
that they merely represented a “monstrous” 
state of M. rubrum. Gartner, however, claimed 
to have inter-pollinated later hybrid plants 
(producing seed) and also crossed them suc- 
cessfully with M. rubrum and M. rubrum X M. 
album. 

Another worker to report success in crossing 
Melandrium with Lychnis flos-cuculi was Comp- 
ton (1912, and unpub.) who produced fertile 
pistillate and staminate F, plants more than 
half a century after Gartner, using true M. 
album 2. Compton also raised F, and F; gen- 
erations as well as back-crosses to the parental 
species. He commented (Compton, unpub.) 
that “amongst all the offspring of the original 
crosses there was never a_ bisexual plant.” 
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Date 


published Cross 


Subsequent 
Fi generations 





Crosses between dioecious and hermaphrodite Melandrium species 














K6lreuter 1776 M. album 2 X M. viscosum 8 a -- 
Gartner 1849 “M. album’ 2 X M. viscosum 3 8 (+9)  F,’s were sterile 

M. rubrum @ X M. viscosum 8 8 

(M. rubrum X M. album) 9 X M. viscosum 8 ?8 

M. viscosum 8 X M. rubrum of 8 

Correns 1907 M. album 2 X M. viscosum 3 All 9’) Fy,’s were sterile 

(M. album X M. rubrum) 9 X M. viscosum § (—8 ) 

Gartner 1849 (Silene italica (?) X M. viscosum) 8 X 8 F,’s were sterile 

M. rubrum ov 

Gartner 1849 M. rubrum 2 X M. noctiflorum 8 9 (+8) ? segregation of 
9 and dc inF, 

Nygren 1957 M. angustifolium 8 XK M. rubrum (i) 19)  F,’s were sterile 

(ii) 2278 
Crosses between dioecious Melandrium and hermaphrodite Lychnis 
Gartner 1849 M. rubrum 2 X L. flos-cuculi § ?(9 and @) — 
“M. album” 9 X L. flos-cuculi 8 g F, raised and 
crosses made 
with M. rubrum 
and (M. rubrum 
xX M. album) 
Compton 1912 M. album 9 X L. flos-cuculi 8 39;110 F.2=179; 170. 

and Also F; of 9 

unpub. and a’, and 

back-crosses 

Nygren 1957 L. flos-cuculi 8 XK M. rubrum 3 BS (+0) =F2=5 9570; 
1 intersex 
M. rubrum 2 X L. flos cuculi 8 No data yet — 
Jackson unpub. L. coronaria 8 X M. album ¢& 3 plants; Fy, was sterile 
only one 
flowered 
(oc) 

Such an absence of hermaphrodites is very tained a Y chromosome from its staminate 
surprising. parent, those F, plants which contained the 
In making the reverse inter-generic cross, same Y chromosome were staminate while the 
using M. rubrum 6, Nygren (1957b) has par- intersex as well as the pistillate plants lacked 
tially confirmed these earlier reports of fertility it. Because the Y chromosome in M. rubrum 
in the hybrid but it is noteworthy that, in addi- is known to be strongly “male’-determining 
tion to a hermaphrodite F, plant, he has re- (Warmke and Blakeslee, 1940; Westergaard, 
ported an intersex amongst the pistillate and 1940; etc.), and in view of the constitutions of 
staminate plants of the F, generation. It is the F, plants, one might have expected the F, 
clear, although not easily explicable, that al- plant to have been staminate rather than her- 
though the hermaphrodite F, plant here con- maphrodite. Perhaps this is the explanation 
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of the fact that after two years of producing 
hermaphroditite flowers, in 1957 it showed only 
staminate blossoms. 

Working at the University of Leeds in 1951, 
Mr. W. Jackson was successful in making a 
similar inter-generic cross (Lychnis coronaria 
Desr. 3 X M. album fo). Of the three morpho- 
logically intermediate F, plants, the only one 
to survive to flowering was sterile but com- 
pletely staminate. Attempts in Leeds to hy- 
bridize dioecious Melandrium with M. nocti- 
florum Fries and Lychnis flos-cuculi failed. 

While Compton’s work agrees with that of 
Nygren in showing that, following crosses be- 
tween hermaphrodite and dioecious species, 
there may be a segregation of pistillate and 
staminate types in subsequent generations, care 
must be used in quoting Gartner’s (1849) re- 
sults in confirmation. Thus the statement 
(Nygren, 1957b, p. 420) that Gartner produced 
a “completely fertile hybrid between M. nocti- 
florum and M. rubrum .. .” which also segre- 
. gated in males and females in the second gen- 
eration does not tally with Gartner’s description 
of the hybrid as being highly sterile (1849, pp. 
287, 296, etc.). Gartner’s F, hybrids produced 
20-25% of enlarged capsules each containing 
only 1 to 14 seeds, which gave rise to pistillate 
and staminate plants apparently of pure M. 
rubrum. Focke (1881) pointed out that in 
making the original cross Gartner produced 
only two hybrids from numerous seeds set, the 
remainder developing into normal M. rubrum. 
He suspected that the so-called hybrids were 
only “pseudogamically” produced M. rubrum. 

Nygren (1957b) concludes from the results 
of his inter-generic cross that genes for female 
determination must be present in the autosomes, 
for pistillate plants appear in the F, although 
no X-chromosomes are present, but it should 
be made clear that such female determiners may 
have entered the picture from the hermaphro- 
dite parent. If Gartner’s and Compton’s results 
are reliable, they show that male-determining 
genes may also be recruited from either the 
autosomes of the dioecious parent or the chro- 
mosomes in general of the hermaphrodite. 

Nygren’s cytological studies show that the 
Y-chromosome from Melandrium rubrum pairs 
at meiosis with one of the largest chromosomes 
of the Lychnis flos-cucult set. This latter chro- 
mosome is smaller than the Y, or even the X in 
Melandrium. Consequently, the origin of the 
Melandrium pattern of sex-determination from 
the separation of genes present in hermaphrodite 
Lychnis (and probably in Silene as well) is al- 
together feasible. The genetic analysis of Ny- 
gren’s reverse Melandrium X Lychnis cross will 
be awaited with considerable interest. 

Particularly striking is Nygren’s demonstra- 
tion that there is normal pairing between the 
complete sets of chromosomes provided by each 
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parent despite their generic difference, for such 
a situation is not even common in intra-generic, 
inter-specific crosses. In Europe it is usual to 
consider that Lychnis, Melandrium and Silene 
exist as separate genera. Silene has capsules 
which are septate at the base while Lychnis 
and Melandrium have totally aseptate capsules. 
Melandrium develops twice as many capsule- 
teeth as it had styles while in Lychnis capsule- 
teeth and styles are equal in number. The dis- 
tribution of the relevant species between the 
genera is as quoted here. 

However, it has been suggested in the 
U. S. A. (Robinson, 1897; Hitchcock and Ma- 
guire, 1947; Maguire, 1950) that the genus 
Melandrium has no right to a separate existence 
and that its species should be redistributed 
amongst Lychnis and Silene according to 
whether they possess five or three styles, re- 
spectively. Thus, M. rubrum, M. album and 
M. angustifolium would be species of Lychnis 
along with L. flos-cuculi and L. coronaria. 
M. viscosum and M. noctiforum would join 
Silene. 

It may always be a matter of opinion whether 
one set of morphological characters provides a 
surer basis for delimiting genera than another, 
and the generic separation album and rubrum 
from noctifiorum seems extremely unnatural. 
Evidences for their evolutionarily close rela- 
tionship have been given elsewhere (Baker, 
1950). 

Nevertheless, some order does emerge from 
the cytological and experimental results if the 
Hitchcock-Maguire re-arrangement is adopted. 
Then, in the table, only the crosses with M. 
viscosum and M. noctifiorum would be inter- 
generic; the first produced completely sterile 
hybrids while the second is altogether doubtful. 
Fertility of interspecific hybrids implies simi- 
larity in genes and in their distribution on the 
chromosomes of the parent species. Conse- 
quently, inter-fertility positively indicates close 
relationship even though hybrid sterility does 
not necessarily imply its absence. Only inter- 
fertility would be taxonomically significant. 
Within Lychnis interspecific hybrids would vary 
all the way from being nearly completely fertile 
(album X rubrum) to completely sterile (album 
X coronaria) with the fertility of rubrum X 
flos-cuculi lying between. 

Despite the frequent association in the wild 
between rubrum and flos-cuculi in Europe, nat- 
ural hybrids between them have not been re- 
corded. Thus, the significant genetical barriers 
between taxa include those of decreased crossa- 
bility as well as decreased inter-fertility. The 
present results, as well as those of Kruckeberg 
(1955) with North American Silene, show no 
close correlation between crossability and the 
fertility of the resultant hybrid. Consequently, 
the evolution of the two kinds of barrier ap- 
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pears capable of proceeding independently, at 
least to some extent (cf. Baker, 1952). In- 
herent barriers to gene-flow which decrease 
crossability may be mechanical (restricting pol- 
len-transfer) or physiological (restricting the 
growth of pollen-tubes in the style). Barriers 
to fertility operating in the hybrid, itself, may 
adversely affect any developmental process from 
the first division of the fertilized egg to the 
pollen or embryo-sac formation in the flowers. 
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